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1 
CHAPTER 1 INTRODUCTION 
1.1  Overview of secondary batteries and supercapacitors 
Batteries store energy in a chemical format within their electrodes.  The amount and 
quality of the energy stored in the battery depend on the chemical energy the electrode reaction 
release during the spontaneous discharge process.  The difference between the chemical 
potentials of the two electrodes is the major factor determining the quality of the stored energy.  
Higher difference in chemical potential gives a higher energy quality.  The potential difference 
between the cathode and anode drives the electron passing through the external circuit and the 
release of energy to the external circuit.   Inside the battery, the charges are balanced by the 
movement of the ions in the electrolyte to complete the circuit.  
The earliest primary battery is believed to be the Baghdad Battery that was used in 
Iranian dynasties 2000 years ago.  This galvanic cell use vinegar as electrolyte, two different 
metal as electrodes to generate electricity while consuming the electrolyte and metal plates.  In 
1748, Benjamin Franklin first named a series of charged glass as ‘battery’.  After 50 years, the 
invention of Voltaic Pile by Alessandro Volta finally realized the practical generation of 
electricity in 1800.  Voltaic pile used cardboard soaked in brine as electrolyte and separator and 
zinc and copper discs as electrodes.  Followed by was the Daniell cell containing copper sulfate 
and zinc sulfate as electrolyte that provided a higher energy density enough to power small 
electronics.  
In 1859, the first rechargeable lead-acid battery was invented by Gaston Plante.  Different 
from primary batteries, an opposite voltage is applied to the anode and cathode to drive the 
 
 
 
	  	  	  	  	  	  
2 
electrode reaction to the reverse direction at the end of discharge, during which the secondary 
battery is re-charged for the next discharging.  The magnitude of the opposite voltage is decided 
by the potential that could possibly reverse the battery reaction.  Since then, many 
electrochemical couples have been used in secondary batteries.  Some promising examples are 
Lead-acid batteries, Ni-Cd batteries, NiMH batteries, Li-ion batteries, flow batteries, and Li-air 
batteries.  In this study, carbon-based materials are synthesized and applied in several of these 
batteries.  
1.1.1 Energy density and voltage window 
 The discharge process is driven by the spontaneous discharge reaction of the anode and 
cathode.  The theoretical energy of the battery is decided by the amount of the chemical energy 
stored in the discharge reaction.  Thermodynamically, the chemical energy can possibly 
withdraw from a reaction is given by the free Gibbs energy:  
∆G=∆H-T∆S 
Where G is the Gibbs free energy of the reaction in kJ mol-1; H is the enthalpy in kJ mol-1; T is 
temperature in K and S is entropy in kJ mol-1K-1.  This equation can be interpreted as: the 
possible energy withdrew of the battery (G) equals to the reaction energy (H) subtract the degree 
of disorder of the system (S) at a certain temperature (T) under ideal condition.  The chemical 
reaction between the anode and cathode is spontaneous when ∆G is negative.  This negative 
Gibbs energy is the drive force of the electrons trough the external circuit and do work.   
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 The chemical energy of the electrode reaction can be converted into electrical energy by  
∆G = −𝑛𝐹∆𝐸 
where n is the amount of charge transfer in molar, F is the Faraday constant (96,485 C mol-1), ∆𝐸 
is the potential difference between anode and cathode in Volts.   
 The theoretical energy of the battery can also be express using Wh as its unit, given 1 
Ah=3600 C and 1 kJ = 0.278 Wh.  By dividing this number by the overall mass involved in the 
chemical reaction, the theoretical energy density (Wh/g) can be obtained.  The practical energy 
density, however, is usually much lower than the theoretical energy density due to deviation 
from the ideal condition, such as the irreversible side reactions and incomplete electrode 
reactions. 
1.1.2 Supercapacitors 
1.1.2.1 Advantages of supercapacitor 
Given the well-known advantages of excellent power performances, extraordinary cycle 
life of over 10-6 cycles compared to 10-3 for batteries, superior charge-discharge rate and 
efficiency, the demands for supercapacitors has doubled in the past 15 years.  It is estimated that 
the demand will double again to 180 kM wh in the next 15 years [1].   As an energy storage 
device that gap the batteries and the traditional capacitors, supercapacitor have been used in 
multiple applications, such as consumer devices, UPS, electrical vehicles, Emergency actuation 
 
 
 
	  	  	  	  	  	  
4 
system, intermittent energy storage system, industrial applications where large amount of energy 
is required in the short time period.   
 
Figure 1.1 Secondary battery demands. [1] 
1.1.2.2 Issues of supercapacitor  
With the fast growing application field of supercapacitor, the requirement on energy 
density becomes one of the key issues that limited the even wider applications of supercapacitors.   
The energy density of the supercapacitors are usually 10 magnitude smaller than most of the 
battery systems.  This limitation causes many design issues.  One example is the application in 
electrical vehicles.  Supercapacitors are integrated into the battery packs to absorb the 
regenerated brake energy that the batteries cannot capture due to the power limitations.   
Integration of supercapacitors into the pack not only reuse more brake energy, it also protects the 
battery pack form being damaged by the providing extra power source during acceleration.  
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However, integrating supercapcitor also decreases the specific energy density of the pack and 
thus requires more room to accommodate, which is critical when it comes to battery packs for 
cars.  This contradiction can be alleviated by increasing the energy density of the supercapacitors.  
Similar problem exist under the situation where the supercapacitors are used to capture the 
energy of the flying wheels in either electrical vehicle or intermittent energy storage systems.  
Although improvements has been made by widen the voltage window using organic 
electrolyte, the safety and price of the organic electrolyte substitute are still a big concern when it 
comes to commercialization.  Therefore, novel electrode materials are expected to bring the 
energy density to a higher level without drastically scarifying the power performances.  
1.1.2.3 Current strategies 
One of the key issues intensely studied is to improve the energy density (E).  Since the 
energy density is increased proportionally to the square of the voltage (V), as shown in equation 
(1), the most efficient way of increasing energy density is to increase the voltage window of the 
electrolyte.  
                                                              𝐸 = !!𝐶𝑉!                                                              (1) 
In this equation, C is the capacitance in Farads and V is the nominal voltage in Volts.  However, 
achieving a higher voltage usually requires the use of an organic solvent [2-5], or at least organic 
additives [5-7] or ionic liquid [6-8], instead of an aqueous-based electrolyte.  Organic solvents 
and additives are usually expensive, unsafe and undesirable in the energy storage system 
compared to an aqueous electrolyte.  An alternative way to improve energy density is to improve 
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the capacitance as seen in equation (1).  The capacitance can be calculated by the following 
equation:  
𝐶 = ℰ𝑟ℰ!4𝜋𝑑  A                        (2) 
Where A is the specific surface area of the active material in m², d is the thickness of the 
Helmholtz double layer at the interface of the active materials and the electrolyte in m [9],  ℰ! is 
the dielectric constant of the electrical double-layer region (dimensionless), and   ℰ!  is the 
permittivity of a vacuum (8.854 × 10-12 F/m) [10].  As we can see from equation (2), one 
important factor that directly relates to the capacitance is the surface area of electrode, which is 
proportional to the capacitance (the pore size and curvature [11] need to be considered to be 
more accurate).  Numerous carbon-based materials are reported to fulfill this requirement, such 
as graphene, activated carbon, carbon aerosols and carbon nanotubes [4, 12, 13].  On top of these 
different kinds of carbon materials, a variety of structures, such as 1-D fibers [14], rods and 
wires, 2-D sheets and papers [15], and 3-D forests [16] of a pure material or composites are 
designed to increase the integrity and conductivity while increasing the electrolyte accessible 
surfaces.    
In addition to surface area, transition metal oxides, conductive polymers and other high 
intrinsic capacitance materials that can provide pseudocapacitance are also boosters for the 
capacitance.  Among them, transition metals oxides are considered to be the most promising 
choices, due to the superiority in long cycle life and stable performance compare to their 
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counterparts.  RuO2 [17], MnO2 [18, 19], CoO2 and V2O5 [20]are all reported to be able to 
provide high pseudocapacitance.   
1.1.3 Li-air battery 
1.1.3.1. Advantages of the Li-air battery 
Among the rapidly growing secondary batteries, Li-air batteries are considered to be the 
next-generation battery chemistry due to their theoretical energy density of 11369 mAh/g, which 
is about 10 times higher than that of currently used Li-ion batteries.  Li-air battery is a promising 
replacement for gasoline for electrical vehicles (EVs), due to the comparable energy density to 
that of gasoline.  Given that the limited driving range of EVs is the current barrier to the wide 
application of pure battery-supported EVs, the development of Li-air batteries is very promising 
to prolong driving range and promote the EV industry to a new level. 
1.1.3.2. Issues of Li-air battery  
Despite the extremely high theoretical energy density of Li-air batteries, the practical 
energy density of Li-air battery is relatively low (~1300 KWh/g) due to the high active energy 
barrier of the discharge product decomposition reaction.  Researches have shown that the main 
reason for this is that the discharge product, Li2O2, requires high activation energy to decompose.  
The accumulated Li2O2 on the cathode covers the active reaction sites and blocks the efficient 
pathways of the incoming oxygen, which prevents further discharge reactions.  
Another key issue for Li-air battery is the very limited cycle life.  Many researchers have 
been reported the elevated discharge capacity of around several thousand mAh.  However, the 
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capacity usually drops drastically starting from the second cycle.  Poor cycle life of less than 10 
have been reported in several studies.  Prolongation of the cycle life is considered to be the most 
important breakthrough needed for the Li-air battery to be practically used compared to other 
battery chemistries.  
1.1.3.3  Current strategies  
To lower the energy barrier of the Li2O2 decomposition reaction, many researchers have 
reported employing catalysts on the cathode of the Li-air battery.  Several noble metals, such as 
Au [21]and Pt [22] have been tested in the air cathode and successfully improved the 
performance.  Low cost perovskite catalysts [23] have also been reported to be able to lower the 
charge voltage and improve the discharge voltage. 
To prolong the cycle life, cathode materials with high surface area and optimized pore 
size have been reported to be able to accommodate Li2O2 that generated during discharge process 
[24].  Due to incomplete charging and the accumulation of side reaction product, Li2O, the 
surface of the cathode materials are covered and eventually lose its active reaction sites.  Except 
surface area, the pore size is also a critical factor on the cycle life.   The accessibility of the 
electrolyte to the surface of the active materials relies on the pore size distribution and thus 
affects the distribution of the Li2O2 and Li2O deposition.  
Another reason for the limited cycle life is the oxidation of the electrolyte and electrode 
materials during cycling.  The highly active oxygen generated in the charge process oxidize the 
carbon-based cathode materials and as well as the carbonate electrolyte that are commonly used 
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in the Li-air batteries.  Thus, oxidation resistant electrolyte and cathode materials, such as ionic 
liquid and non-carbon electrode materials are needed for the battery to gain longer cycle life.  
1.1.4 In-situ characterizations 
1.1.3.1 In-situ AFM 
Atomic Force Microscopy (AFM), as a powerful morphology-mapping tool, found its 
application in many filed since its invention in 1986.  The AFM use a probe controlled by a 
piezo scanner that either contact or follow closely the surface of the sample material.  The 
position changes of the probe at each scan spot is detected by a laser beam reflected at the back 
of the probe.  The reflected laser beam is then detected by a photodiode and then converted to 
AFM images.   
 AFM has a wide scan range that covers from nanometers to micrometers so that it can 
zoom in to a smaller particular area or zoom out to a bigger area.   Unlike electron microscopy, it 
doesn't rely on high energy electron beam projecting on the sample surface during mapping.  
This advantage make it possible to couple AFM and electrochemical testing together.  With this 
combination, the SEI layer can be characterized in-situ instead of the ex-situ to avoid the change 
the morphology, mechanical and chemical properties of the SEI layer.  
1.1.4.2 In-situ XRD 
The phase and lattice parameter changes of the electrode during cycling are very critical 
to understanding the reaction mechanism and guiding the design of electrode materials.  
Traditionally, the cell is tare apart at a specific cycle number or state of change to take XRD test.  
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However the battery reactions can be disrupted by the mechanical damage.  Contamination, 
morphology changes or unwanted side reactions might happen during the tearing down or 
transfer process to the XRD.   In-situ XRD can provide non-destructive testing during cycling for 
batteries.   
1.2  Scope of the thesis 
Given the significance of the secondary batteries nowadays and the important role of 
carbon-based materials in several types of secondary batteries, the current research is focused on 
the synthesis, in-situ characterization and their applications in the secondary batteries. 
Frist, 3-D MnO2, MnO2/graphene composite, MnO2/holey graphene composite are 
synthesized by hydrothermal method based on the home-made graphene.  The preparation 
condition, morphology and structure of the composites and the electrochemical performances of 
the composites are discussed in chapter 3 and chapter 4.  
Followed by the 3-D MnO2/graphene materials, a perovskite metal oxide and graphene 
network was synthesized for Li-air battery, as presented in chapter 5.  The ability of both 
perovskite metal oxide and graphene in lowering the charge voltage and prolong the cycle life 
was studied.  
In order to better understand the fundamentals of the phenomenon at the solid-electrolyte 
interface and also the crystal structure changes during the charge and discharge process, in-situ 
AFM and in-situ XRD method were explored in Li-ion battery system and Ni-metal hydride 
battery system are presented in chapter 6 and chapter 7.    
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1.3  Significance of research 
The current research provides efficient ways of synthesis carbon based 3-D structure.   
The morphology and size of the composites can be preciously controlled by the preparation 
conditions.  The morphology of the material is directly related with the electrochemical 
performance.  In other words, the energy storage material can be designed and optimized for the 
best electrochemical performance by selecting suitable preparation conditions.   
The effect of 3-D structure and the morphology of the composite on the impedance, ion 
transmission and electrochemical performance are elucidated.  The fundamental understanding 
of the correlation can be used to guide the material design for other energy storage systems. 
Based on the understanding of the preparation of the carbon-based materials, a novel 
perovskite catalyst is synthesized and embedded in to the graphene system.  The prolonged cycle 
life and increased energy density accelerate the development of Li air battery, which could 
potentially provide an energy density close to that of gasoline and make it a preferable candidate 
for electrical vehicles.  
The in-situ AFM study on SEI layer in Li-ion battery elucidates the versatile and dynamic 
nature of the SEI layer.  Knowing the evolution of the SEI layer during cycling, suggestions on 
improving the cycle life, deciding factors of SEI and battery safety can be made.  The profound 
effects can potentially make Li-ion battery more safe, long-lasting and higher capacity.   
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The in-situ XRD study of the Nickel metal hydride battery provides insight into the 
hydrogen insertion process in the alloy lattice.  The understanding of the difference of proton 
insertion between C14 and C15 phase can be used to design a metal alloy for a better capacitance.   
With the great similarities between different battery materials, the methods and 
understandings of the in-situ characterization of the given two battery systems also have great 
value on guiding the in-situ research of other battery systems.  
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 
2.1 Fundamentals of supercapacitors 
 In a traditional capacitor, charges are stored at the surface of two flat conductive plates 
(such as metal plate or foil) facing each other.  The two are separated by an insulator film or 
plate in between them (Figure. 2.1).  The capacitance of the traditional capacitor can be 
calculated by: 
𝐶 = 𝜀𝑜𝜀𝑟𝐴𝑑  
Where C is capacitance in Farads, A is the surface area of the electrodes in meter, d is the 
distance between the two conductive plates (m), ε0 is the dialect constant of vacuum, εr is the 
dialect constant of the insulator.  Therefore, the three direct ways of increasing capacitance for a 
conventional capacitor are: (1) increasing the surface area of the electrode; (2) decrease the 
distance between the electrodes; (3) use insulator with high dialect constant.  
                                  
                                        Figure 2.1. Constructure of traditional capacitors. 
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Different from traditional capacitor, which store charges at flat conductor plates, 
supercapacitor store charges at the interface between the electrode materials and the electrolyte.  
The materials used in the electrodes are usually carbon-based materials with extremely high 
surface areas of several thousand square meters per gram.  The distance between the negatively 
charges surface and positively charged surface is the thickness of the Helmholtz double layer, 
which is usually only several angstrom.  These two differences distinguish supercapacitors with a 
much higher capacitance from traditional capacitors.  
                  
Figure 2.2. Constructure of supercapacitor.  [25] 
 During charge process, the applied voltage moves charges from the active materials in 
one electrode to the other electrode.  The opposite charges are stored in the Helmholtz layer at 
the interface between the active materials and the electrolyte at each electrode.  At the end of the 
charge process, a saturated amount of charges, limited by the above-discussed factors, are stored 
at each of the electrode.  During discharge, the potential difference between the two electrodes 
drives the charges to pass through external circuit and release electrical energy.  In both the 
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charge and discharge processes, ions in the electrolyte shuttle back and forth to complete the 
circuit and balance the overall potential.  
The amount of charges (Coulomb) stored in the supercapacitor can be calculated as 
Q=CV, where V is the voltage between the two electrodes in volts.  The energy (Wh) stores in 
the supercapacitor can be calculated as E=1/2 CV2, from which it can be seen that the total 
energy can be improve by either increase the capacitance or the voltage window.  Between these 
two, the voltage window is a more sensitive factor to E because the square of voltage is 
proportional to energy storage.   
 Another important property of supercapacitor, the power, can be calculated as P=V2/(4R), 
where R is the equivalent series resistance of the supercapacitor in ohms.  The power 
performance of the supercapacitor is directly related to the square of the voltage and reverse of 
the resistance.  
2.1.1 Electrode materials 
2.1.1.1 Carbon based materials 
In 1950s, engineers from General Electric found that the porous carbon hold extremely 
high capacity.   A number of high surface carbon based materials were used as the electrode 
materials since then.  Graphene has become a new trend due to its high surface area, high 
conductivity, as well as the great mechanical and chemical stabilities.   Different structures from 
1-D nano wires and nanotubes, 2-D nano sheets to 3-D nano networks were synthesized to 
optimize the electrochemical performances.   
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Jiang et al. summarized the capacitance, conductivity and cost of different carbon-based 
structures [26].   These carbon-based materials store charges in the electrical double layers 
(EDL), the capacitance is proportional to the surface area theoretically.   However, it is not 
usually the case.  For example, carbon nanotubes can reach a surface area of 220 m2/g [27] with 
a limited capacitance of around 100 F g-1.  Therefore, more attention was focus on the pore size 
distribution and the surface functionalities of the carbon-based materials in addition to their 
structure and surface area.  
 
Figure 2.3 Comparison between different carbon based structures for EDLCs. [4] 
 Vaquero et al. [28] systematically studied the effect of surface area, pore size distribution 
and surface chemistry on the electrochemical performance of the six carbon materials.  It was 
found that a high percentage of micropores slows down the ion diffusion efficiency especially 
when the ions in the electrolyte are large organic groups.  Therefore, further understanding of the 
correlation between the nano structure and pore size distribution is critical to guide the design of 
electrode materials with higher electrochemical performances.  
2.1.1.2 Transition metal oxides 
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The electrical double layer capacitors based on the carbon materials cannot provide a 
sufficiently high capacitance for the more demanding applications, even with the optimizing 
structures, pore sizes and functional groups.  Fortunately, there are materials with much higher 
intrinsic capacitance that can be used in supercapacitors, such as transition metal oxides.  
However, everything comes with a price, the non-conductive nature of the metal oxides hinders 
their application in supercapacitors.  One solution is to embed the nonconductive metal oxides 
into high surface and super conductive carbon based materials.  Sheng Chen and Junwu Zhu [29] 
reported a soft chemical method to prepare a graphene oxide (GO) and MnO2 nano composite 
(GO/MnO2).  They believe MnO2 nano rods form on the surface of exfoliated graphene nano 
layers.  Through the characterization of the as prepared material, a nulei-doninent mechanism of 
this reaction was proposed based on the characterization.  The composites tested by cyclic 
voltametry and galvanostatic charge/discharge testing shows an improved electrochemical 
performance.  They concluded that graphene oxide is a promising low cost substitute for 
supercapacitor applications.  By anchoring manganese dioxide in between graphene oxide layers 
to form GO/MnO2 composite, pseudocapacitance was introduced to the system to further 
increase the capacitance based on that of GO.  A soft chemical reaction in water-isopropyl 
alcohol system is employed followed by characterizing of the composite by XRD, Raman 
spectroscopy, TEM and UV-Vis spectroscopy.  Derived from these characterizations, the 
reaction mechanism was interpreted as the attachment of manganese nuclei onto hydroxyl group 
at graphene oxide surface followed by the 001 crystal direction growth of Manganese oxide nano 
rods.  Finally, electrochemical performance of GO/MnO2 composite shows elevated capacitance 
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compared with pure GO, bulk MnO2 and nano MnO2 due to the interaction between graphene 
and manganese dioxide. 
2.1.2 Separators for supercapacitors 
 A separator is used to physically separate the two electrodes from internal shorting, while 
allowing ions in the electrolyte go through to balance the charges during charge and discharge 
process in the internal circuit.  Therefore, high mechanical strength is a critical requirement when 
it comes to selecting separators.  Due to the rough surface of the active material at the electrode, 
a thickness larger than that of the roughness at the electrode surface is suggested to prevent the 
puncture.  However, an overly thick separator can hinder the ionic conductivity of the electrolyte 
and thus decrease the power performance of the supercapacitor.  
 The commonly used separators for supercapacitors include polymer-based films, such as 
Polypropeline film and polyetheline film.  One of the most important aspects of polymer-based 
separators is that they have strong mechanical strength to be made into very thin films.  Since 
most of them are hydrophobic, they are primarily used when organic electrolyte is employed.  
Although there are multilayer polymer based separators are also designed to be used in aqueous 
supercapacitors lately.  Paper based separators, such as glassy paper is more common to be seen 
in aqueous electrolyte system.  The major drawback of the paper-based separators is the larger 
thickness needed to achieve a certain mechanical requirement. 
2.1.3 Electrolyte for supercapacitors 
Aqueous electrolytes are traditionally used in supercapacitors due to their high ionic 
conductivity and usually small and simple ions that are easier to access the micropores on the 
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electrode surface.  The most common aqueous electrolytes include KOH alkaline electrolyte, 
H2SO4 and HNO3 acidic electrolyte.  K2SO4, KCl, KBr and KNO3 salt electrolytes were studied 
by several groups as well.  The aqueous electrolytes have the advantages of non-flammable, 
nontoxic, inexpensive and high conductivity.  
Compare to their aqueous counterparts, organic electrolytes usually provide a higher 
voltage window that can be up to 4.2 volts.  This alleviated voltage window directly results in a 
higher energy density.  However, the larger size of the organic molecules suffers from the low 
mobility compare to inorganic ions in aqueous electrolyte.   The low mobility contributes to the 
ionic resistivity and thus increases the impedance of the supercapacitor and hinders the power 
performance.  On the other hand, the accessibility of the organic molecules to the micropores of 
the active materials is also limited by the size and the charges on the organic molecule branches.  
2.2 Fundamentals of Lithium-air batteries 
2.2.1 Working principles 
The Li-air battery is composed of metallic lithium serving as anode, a high surface area 
porous carbon cathode support and an organic or ionic liquid electrolyte with lithium ions solved 
in.  The porous carbon provides reaction site for the anode and the oxygen cathode from air.  A 
separator is used between the lithium anode and the cathode to prevent shorting.  During 
discharge, the electrons from external circuit travel from anode to cathode and release electrical 
energy to the load.  The electrons at the cathode then reduce the oxygen to highly reactive 
oxygen atoms.  The oxygen atoms then react with the lithium ions traveling from anode from the 
 
 
 
	  	  	  	  	  	  
20 
internal circuit.  During discharge, the applied voltage provides energy to decompose Li2O2 and 
generate oxygen and Li ions.  
Li => 𝐿𝑖! + 𝑒!  𝐿𝑖! + !!𝑂! + 𝑒! => !! 𝐿𝑖!𝑂!  𝐿𝑖! + !!𝑂! + 𝑒! => !! 𝐿𝑖!𝑂  Li+ 12𝑂! => 12 𝐿𝑖!𝑂! Li+ 14𝑂! => 12 𝐿𝑖!𝑂 
                                   
                                 
Figure 2.4. Anatomy of Li-Air battery [8] 
 2.2.2  Catalysis for Lithium-air batteries  
Despite the high theoretical energy density, the practical energy density of Li-air battery 
is relatively low due to the high active energy barrier of the decomposing reaction of Li2O2 
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during charge process.  The accumulated Li2O2 can also cover the reactive sites and block the 
oxygen pathway, which cause a drastic drop of the cell performance.  To solve this problem, 
many catalysts, such as noble metals, transition metal oxides and metal nitrides, have been used 
to lower the decomposing reaction barrier of Li2O2. 
2.2.2.1 Noble metal catalysts 
Noble metals, such as Pt, Au, Ru and Ag, are excellent oxygen evolution catalysts due to the 
ease by which they give away electrons and their stability under high oxidation conditions. 
Therefore, they are the most efficient catalysts used in Li-air batteries to catalyze Li2O2 
decomposition reactions, which results in O2 and Li as products.  Peng et al [30] reported in 2012 
that over 99% of Li2O2 can be decomposed by using a highly porous Au electrode.  100 charge 
and discharge cycles were achieved with 95% of capacitance retention.  Further, the kinetics of 
Li2O2 oxidation during the charge process is about 10 times faster compared to when Li-air cells 
use a carbon current collector without Au as an electrode.  
A research group from The Massachusetts Institute of Technology examined Li-air batteries 
using Pt/Au nano composite, Pt and Au as catalysts respectively [31].  Their results show that 
Pt/Au nano composite demonstrates the lowest charging voltage (which means lower energy 
consuming during charging) and highest round-trip efficiency reported to date.  Compared to the 
oxygen evolution and reduction voltage (4.5 V and 3.0 V) of carbon electrodes without any 
catalyst, electrodes with Pt/Au nano composite catalysts have voltages of 3.8 V and 3.2 V 
respectively due to the activation energy barrier drop caused by the catalysts.  Therefore, the 
voltaic efficiency (reduction voltage/evolution voltage) of a Pt/Au nano composite system is 
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higher than a carbon only system.  It is also revealed in this paper that Pt works as an oxygen 
evolution catalyst during the charge process and Au serves as an oxygen reduction catalyst 
during the discharge process.  
Given the highest discharge capacity, round-trip efficiency and stability compared to 
other catalysts, noble metal catalysts are considered as the most effective ones for Li-air batteries. 
However, the high price of noble metals and the processing cost of producing nano particles 
from them make it impractical for large-scale production.  The development of low cost catalysts 
has become one of the most important issues to resolve for the wide application of Li-air 
batteries.  
2.2.2.2. Transition metal oxide catalysts 
Many transition metal oxides are active catalysts in oxygen evolution reactions that are 
used in Li-air batteries to catalyze Li2O2 decompose reactions due to the electron hopping 
between multiple valence states of the catalysts.  Electrons can easily hop between two adjacent 
or close valence states providing a catalyst effect on the reactions.  Transition metal oxides have 
the advantages of low cost compared to noble metals, low toxicity, and relatively high efficiency 
among other catalysts except noble metals [32].  
Jiaxin Li et al reported MnO2 nanoflakes as catalysts in a carbon electrode in 2011 [33]. 
A capacitance of 1768 mAh/g was achieved at a relatively low charge rate of 70 mA/g. A low 
charge potential of 3.8V was observed, which is almost comparable to that of Pt as a catalyst. 
Another example of using a transition metal oxide catalyst in Li-air batteries was provided by 
Yanming Cui et al in 2012 [34].  By optimizing the mesoporous structure of Co3O4 as catalysts 
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in Li-air cells, a capacity of 2250 mAh/g was observed. In addition, the round-trip efficiency of 
81.42 % was reported in this paper, which is the highest value reported to date. However, there 
was no recyclability data included in this paper. 
Although the costs are much lower and the recyclability is comparable to that of noble metals, 
transition metal oxides still suffer from low voltaic efficiency, which causes lower energy 
density, counteracting the benefit of the high energy density of Li-air batteries.  Studies show 
that the low efficiency was largely attributed to the high resistance from the metal oxides [32]. 
To address this problem, metal nitrides have been studied intensely recently as potential 
candidates of catalysts for Li-air battery. 
2.2.2.3. Metal Nitrides 
To overcome the high electric resistance of metal oxide catalysts, Shanmu Dong et al 
investigated the possibility of using molybdemum nitride as Li-air cathode catalysts in 2011 for 
the first time in this field [35].  The excellent capacitance performance of 1490 mAh/g (based 
on the mass of the catalysts and the current collector) and the high discharge voltage of 3.1 V 
(which means higher energy quality) suggest the potential for the application of metal nitrides 
as Li-air catalysts. 
 Despite the remarkable capacity performance of metal nitrides in Li-air batteries, their 
recyclability needs to be improved before they can be widely used.  As reported by Dong, the 
capacity drops to 1050 mAh/g after nine charge and discharge cycles, which leaves only 70% 
retention of the original value.  A battery is usually considered as dead when the retention is 
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below 80%.   The recyclability can be improved by choosing coordinate electrolytes, electrode 
structures and catalyst particle sizes.  
Although the performance of Li-air batteries has been improved by applying the latest 
technology to catalysts, there is still a lack of fundamental understanding of the reaction 
mechanism of catalysts.  In-situ thermal dynamic and kinetic studies of catalysts might provide 
more useful information to reveal the nature of the discharge reaction and more ideas about how 
to optimize their performance. 
2.3 In-situ Atomic Force microscope of solid-electrolyte interface  
Lithium-ion batteries have been used in electric vehicles, consumer devices and even 
large-scale intermittent energy storage devices due to their high energy density and stable 
performance.  However, they still suffer from the problem of capacity fading during cycling and 
self-discharge during storage.  It is widely believed that the capacity fading of Li-ion batteries is 
closely related to the formation of a passivation solid electrolyte interface (SEI).  SEI layer is a 
thin layer at the interface of the electrode and electrolyte formed by the lithium insertion and 
decomposing products of electrolyte.  In order to better understand the mechanism of SEI layer 
formation, in-situ atomic force microscopy is employed to investigate the morphology of the SEI 
layer at different states of charge and accelerated cycling conditions.  Using this method, real-
time morphology changes can be detected to help understand SEI formation, development and 
changes.  At the same time, the morphology changes at different stages can be correlated to the 
capacity-fading data provided at each stage in order to illustrate how SEI layers affect Li-ion 
battery capacity decay.  
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2.3.1 Applications in Li-ion battery  
Li-ion batteries use lithium metal as the positive electrode, carbon-based material 
(graphene, graphite and activated carbon, for example) as the negative electrode, and organic 
lithium salt as the electrolyte (such as LiPF6 in ethylene/dimethyl carbonate).  A polymer 
separator, soaked with electrolyte, is placed between the two electrodes to prevent shorting.  
Take a graphite electrode as an example (Figure 2.5), during the charge process, the charge 
potential applied to the two electrodes drives the lithium ions solvated in electrolyte to insert into 
the graphite layers where six of them intercalate with one carbon molecule at the surface. 
Charges are therefore stored in the negative electrode when a charging voltage is applied.  
Conversely, during the discharge process, lithium ions un-insert from the graphite layers and 
move back to the lithium metal positive electrode, through the electrolyte inside the battery.  At 
the same time, electrons move from the negative graphite electrode to the positive lithium metal 
electrode through the external circuit, providing current to the load in that circuit.  
                          
Figure 2.5.  Li-ion battery working principle. [36] 
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  Commercial Li-ion batteries based on carbon materials usually have a life cycle of 2000-
3000 charge and discharge cycles, depending on the manufacturing technology [37].  They are 
considered dead and in need of replacement after the battery capacity drops below 80% of the 
original value. There are several possible explanations for the capacity decay.  First, the SEI 
layer grows to a thickness and stiffness that prevents further lithium ion insertion into the 
graphite layers [36].  Second, the lithium dendrimers formed on the lithium metal positive 
electrode during repeated cyclings puncture the separator, causing the contact shorting of the two 
electrodes [38, 39].  Third, the carbon-based electrode materials eventually crack due to the 
volume change during the insertion and extraction of lithium ions in charge and discharge 
processes [40]. Other research has shown that the electrolyte solution is deposited [41], 
increasing the impedance between the active materials and the current collector in the electrodes 
[42].  
2.3.2 Key issues of capacity decay  
A SEI layer is formed during the first several cycles, which then keeps a dynamic balance 
during charge and discharge processes [43].  This layer is initially formed when lithium salts and 
solvent in the electrolyte decompose at the electrode surface. This passivation layer prevents the 
electrolyte from further decomposing at first, then keeps a kinetic and dynamic balance through 
further charge and discharge cycles. The resistance of this layer increases with its increasing 
thickness and stiffness, eventually causing capacity fading.  
The most important factor affecting the capacity of Li-ion batteries has been reported by 
several research groups. Campana et al. have studied the intercalation/de-intercalation of lithium 
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ions in highly-oriented pyrolytic graphite (HOPG) [44].  They believe the gap between graphene 
layers increases 24+7% during the first cycle due to the formation of the SEI layer. A reversible 
change of +17% is observed in the following cycles when using 1 M LiClO4 in ethylene 
carbonate and dimethyl carbonate (1:1 weight ratio) as the electrolyte. Inaba et al. reported in 
2011 they observed that the basal plane surface of HOPG was raised by about 1 nm at the edge 
after being charged at 1.1 V [45].  They explained that this conductive layer causing the lifting 
might be the early state of the SEI layer. This layer became an insulator when the charge voltage 
was lowered to 1.0 V, at which state they believe the SEI is thick and stiff enough to prevent ions 
from passing through.  Despite the fact that most research on the SEI layer is carried out on 
HOPG, which provides a highly ordered flat graphite surface that eliminates the influence of 
surface roughness, Soon-Ki Jeong et al. employed composite graphite in an in-situ AFM study 
[46].  They claimed that the curling, swelling and exfoliation at the edge of the graphite, 
observed in the potential range of 0.8-1.4 V, were caused by the formation of SEI layers. The 
exfoliation of the graphite edge is more vigorous in propylene carbonate at 0.9 V.  However, 
more supportive results need to be demonstrated to illustrate the SEI formation process. The 
morphology changes caused by the SEI formation would have been more convicing convertive if 
the authors had provided cyclic voltammetry and EDS data to explain the reaction and 
composition changes during the morphology changes. 
2.3.3 Impact of understanding SEI formation 
Given the important role of SEI layer formation in capacity decay of Li-ion batteries, as 
well as the lack of understanding of the formation mechanism and its correlation with the 
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capacity drop, thorough investigation of this topic will help to understand the failure mechanism 
of Li-ion batteries.  In addition, it will provide ideas and methods to keep the SEI layer in a 
dynamic balance state longer, before it eventually becomes a complete insulator.  Storage and 
operating conditions can be adjusted according to the optimized SEI layer growth conditions to 
obtain longer battery life and better performance.  Battery life can then be elongated as a result of 
controlling the SEI layer growth.  In addition, an understanding of the SEI layer formation in Li-
ion batteries will also provide valuable results for the solid-electrolyte interface in fuel cells, 
supercapacitors, Li-air batteries and other electric devices with a SEI layer involved. 
SEI formation at highly ordered pyrolytic graphite (HOPG) surface has been studied with 
in situ AFM.  The morphology and thickness of both the top particle layer of the SEI and the 
bottom layer of the SEI that was caused by lithium insertion were investigated.  The formation 
mechanism of the SEI was proposed accordingly.  Ex situ FESEM and EDS were also used to 
analyze the composition of the electrode after cycling to confirm the proposed mechanism. 
2.4 In-situ X-Ray diffraction study on metal hydride anode 
In-situ X-Ray diffraction analysis has been used to study different metal hydride alloys 
over the years in both gas-phase measurement and electrochemical measurement.  Gavra et al.  
[47] and Chartouni et al [48] reported on in-situ X-Ray diffraction on gas-phase and 
electrochemical cells separately.  Chartouni et al. focused on the study of in-situ X-Ray 
diffraction on an AB5 metal alloy LaNi4Co.  They concluded that it takes three cycles to fully 
activate the metal alloy before they can be completely hydride.  The alloy experience a gamma-
phase before transform from the hydrogen dissolution phase (alpha phase) to the completely 
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hydride phase (beta phase).  Similarly, Vermeulen et al. [49] studied the hydrogen storage 
process of Mn-Ti alloy thin film by in-situ X-Ray analysis.  They found that Mn to Ti ratio 
strongly affects the lattice spacing of the unit cell.  On the other hand, the composition of the 
phases changes while the fractions of the phases keeping the same. 
 These researches clearly show the capability of X-Ray diffraction analysis on the crystal 
structure of the metal alloy and hydrides.  However, there hasn’t any systematic in-situ X-Ray 
study on the two phases (C14 and C15) AB2 metal alloy yet.  Given the complexity of the 
hydride process of AB2 alloys, it is very interesting to investigate the different performance of 
the two phases during cycling.   
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CHAPTER 3 FACILE ONE-STEP SYNTHESIS OF MNO2 NANOWIRES ON 
GRAPHENE UNDER MILD CONDITIONS FOR APPLICATION IN 
SUPERCAPACITORS 
3.1 Introduction 
Composites of integrated 1-D MnO2 nanowires and 2-D graphene sheets at nanoscale are 
successfully prepared under the mild condition of 100°C.  The fabricated materials are 
extensively characterized by electron microscopy and X-ray diffraction and the formation 
mechanism is investigated.  It is of particular note that graphene sheets in this case play dual 
roles, as both the active reagent to reduce MnO4- to form 1-D MnO2 nanowires and the active 
component of the composites integrated into the 3-D structure.  The proof-of-concept 
demonstration shows that the 3-D composites can be used as active materials for supercapacitors, 
where the high surface area 2-D graphene sheets serve as both high surface area active materials 
and conductive supports for high capacity 1-D MnO2 nanowires. 
Supercapacitors, as promising electrochemical energy storage devices, are attracting great 
interest as energy storage devices due to their excellent cyclability, high power density, fast 
charge rate, high efficiency, and easy fabrication [50, 51]. Supercapacitors can complement 
batteries in many cases where high power and extensive cycling are required.  It is anticipated 
that next-generation supercapacitors, with dramatically increased energy density, could compete 
with batteries in the market of mobile electronic devices, electric/hybrid vehicles, UPS, industrial 
equipment, military devices and the energy grid [52, 53]. The electrochemical performance of 
supercapacitors is dependent on the electrode materials selected.  Traditionally, carbon materials 
with a large surface area are employed in supercapacitors based on the mechanism of surface 
charge storage of electric double-layer capacitance [54, 55].  Recently, however, the use of a 
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number of carbon alternative materials, such as RuO2, MnO2, Fe3O4, Co3O4, and Ni(OH)2, have 
been explored based on the so-called pseudocapacitance mechanism involving fast near-surface 
redox reactions [56-59].  Especially after the introduction of nanomaterials (from 0-D 
nanoparticles to 1-D nanorods and 3-D nanospheres), significant progress has been achieved [60-
62]. Taking low-cost MnO2 as an example, a specific capacitance of over 200 F/g was reported, 
which is significantly higher than that of widely-used activated carbon with capacitances of tens 
of F/g [63].   
   MnO2 is one of the most promising candidates, with excellent chemical and physical 
properties for application in next-generation supercapacitors with high specific energy [64, 65].  
It offers comparable electrochemical performance to that of widely-studied, yet very expensive, 
RuO2.  High capacitance MnO2 is environmentally benign and cost-effective.  The relatively 
poor conductivity of MnO2, however, is the limiting factor preventing its practical use in 
supercapacitors.  The common strategy to overcome this limitation is to fabricate nanostructured 
MnO2 and its composites.  Unfortunately, the preparation of nanostructured MnO2 is still very 
challenging, especially in mild conditions.  High temperature is generally used to prepare 
nanostructured MnO2 [66-68].  On the other hand, highly-conductive graphene as a new 
generation of 2-D carbon materials with unique properties can be used for supercapacitors.  
When composited with pseudocapacitive materials (for example, MnO2 nanoparticles), it was 
shown that significantly-improved performance could be achieved as a result of synergetic 
effects [69, 70].  For example, Chengzhou Zhu et al. reported a capacitance increase from 78.2 
F/g to 122 F/g by introducing nanowall MnO2 structures into graphene [71]. Yongmin He et al. 
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reported the application of three-dimensional graphene/MnO2 composites in supercapacitors with 
a capacity of 130 F/g [72].  Jintao Zhang also reported an enhanced capacitance of 168 F/g by 
integrating MnO2 into graphene compared to 66 F/g of pure graphene [73].  Recently, studies 
have also suggested that with proper composite design and structure control at nanoscale, the 
electrochemical performance can be tuned even further [71, 72].  For instance, composite 
electrodes with unique structures can accommodate capacitance from both electric double-layer 
charges and the fast surface redox pseudocapacitance created at contact with the electrolyte.  
Such electrodes, unfortunately, still lack an efficient means of construction.   
Herein, we report the design and facile fabrication of composites of integrated 1-D MnO2 
nanowires and 2-D graphene at nanoscale under the mild condition of 100 °C.  The fabricated 
materials were extensively characterized and the formation mechanism was proposed.  Figure 1 
illustrates the design process and formation of the unique 3-D structured materials.  It is 
particularly interesting to note that graphene in this case plays dual roles, as both the active 
reagent to reduce MnO4- to form MnO2 and as the active component of the composite to be 
integrated into the 3-D structure.  The proof-of-concept demonstration shows that the composite 
can be used as active material in supercapacitors, where the high surface area 2-D graphene 
sheets serve as conductive supports for high pseudocapacity 1-D MnO2 nanowires.  Furthermore, 
the presence of the latter can prevent the aggregation of the former. 
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Figure 3.1. Illustration showing the formation and growth of MnO2 nanowires on graphene forming 
3-D structured composite. 
3.2 Experimental setup 
Materials preparation: In a typical procedure, 50 mg commercial graphene (Angstron 
materials, N006-010-P) was mixed with 25 ml aqueous solution of KMnO4 (0.1 M), K2SO4 (0.1 
M) and K2S2O8 (0.1 M).  The mixture was diluted to 75 ml, placed into a sealed reactor, and kept 
at 100 °C for 24 h.  The solid product was then collected and washed by DI water and ethanol 
three times.  The product was dried in a vacuum oven at 110 °C for 12 h.  
           Electrochemical characterization: The as-prepared MnO2/graphene composite powder 
was dispersed in N-methyl-2-pyrrolidone (NMP) solution with a polyvinylidene difluoride 
(PVDF) binder (MnO2/graphene composites to PVDF mass ratio of 90:10).  Then, pre-cleaned 
Ni foam (130-150 mg, 1×1 cm2) was immersed into the slurry to load the active materials.  The 
coated Ni foam was taken out of the slurry and kept at 80 °C for 4 h, then dried at 110 °C for 12 
h in a vacuum oven.  The average loading amount of MnO2/graphene composites on the Ni foam 
was about 10 mg. 
 
 
 
	  	  	  	  	  	  
34 
               Electrochemical testing setup:  The electrochemical performance of the MnO2/graphene 
composites as electrode materials for supercapacitors was carried out using a standard three-
electrode setup.  MnO2/graphene composite-coated Ni foam was hung from a Ni wire as the 
working electrode into 6 M KOH electrolyte.  A Pt wire serves as the counter electrode and 
Hg/HgO electrode as the reference electrode.  The scan rate used in cyclic voltammetry is 0.5 
mV s-1 with a scan voltage window between -0.1 and 0.4 V.  
3.3 Results and discussion 
3.3.1 Composition Characterization by XRD 
The formation of MnO2 nanowires on graphene under mild conditions is confirmed by X-
Ray diffraction (XRD).  Figure 2 shows the XRD patterns of four samples, prepared at different 
reaction times, at 100 °C.  The peak at 26.3° can be assigned to graphene in the composites.  
Graphene peak is dominantly observed in all four samples, indicating the presence of excess 
amounts of graphene after the reactions.  After 6 h reaction time, two broad peaks can be seen at 
12.4° and 37.3°, revealing the initial stage of MnO2 formation.  These two peaks become sharper 
when the reaction time increases, and other peaks associated to cryptomelane-type MnO2 
become more obvious as well.  The decrease in Full Width at Half Maximum (FWHM) suggests 
that the crystallization of MnO2 is improved over time.  All of the diffraction peaks are indexed 
as α-MnO2 with lattice constants of a= 9.7845Å and c=2.8630 Å (JCPDS 44-0141) [66].  
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Figure 3.2. XRD patterns of 3-D MnO2/graphene composites obtained under the mild condition 
of 100 °C for (a) 6 h; (b) 12 h; (c) 24 h; (d) 36 h of reaction confirming the formation of 
cryptomelane-type MnO2 nanowires with the presence of graphene.  
3.3.2 Morphology Characterization by SEM and TEM 
The structure and morphology of 1-D MnO2 nanowires on 2-D graphene sheets is 
confirmed by SEM.  SEM images of MnO2 nanowires formed on graphene sheets after different 
reaction times (6 h to 36 h) reveal the growth of 1-D MnO2 at different degrees of maturity.  At a 
short reaction time of 6 h (Figure 3a), nanoparticles with an average diameter of 200 nanometers 
are observed on graphene, indicating the initial deposition and aggregation on the surface.  The 
nanoparticles are mainly amorphous as observed in XRD (Figure 2a).  The broad MnO2 
diffraction peaks suggested that the crystalline size is approximately tens of nanometers.  
Therefore, the SEM-observed nanoparticles formed after 6h reaction time are actually aggregated 
smaller crystallite MnO2.  With the reaction time prolonged to 12 h, MnO2 nanowires grown to 
about 500 nanometers are observed on the surface of graphene (Figure 3b).  The evolution from 
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amorphous nanoparticles into nanorods could be attributed to the dissolution of amorphous parts 
and to the reorganization and directed crystalline growth in a 1-D manner to minimize energy in 
the formulated experimental conditions.  The MnO2 bundles observed in Figure 3b are attributed 
to the aggregation of nanowires.  The length of the MnO2 nanowires increases to about 1 
micrometer when the hydrothermal time is prolonged to 24 h (Figure 3c).  The longer 1-D 
nanowires observed after extended reaction times suggest that MnO2 tends to grow in a 1-D 
manner.  There are occasionally MnO2 nanowires with lengths of up to around 1 micrometer 
observed under this reaction condition as well.  The large number of 1-D MnO2 nanowires form 
a network integrated on graphene, which was clearly observed when the reaction temperature 
was further increased.  At a reaction time of 36 hours at 100 °C, the lengths of the MnO2 
nanowires grow to over 1 micrometer, covering the graphene and forming a network of 
nanowires (Figure 3d).  Energy dispersive spectrometry (EDS) is employed to confirm the 
compositions.  The elemental ratio of O to Mn of about two reveals that the molecular formula is 
MnO2 (Figure 3e).  The trace amount of potassium detected under EDS could be assigned to 
adsorbed potassium ions in the composites. 
In addition to reaction time, it was discovered that the lengths and diameters of MnO2 
nanorods are also highly dependent on reaction temperature.  These MnO2 nanorods have a 
length of about 1 micrometer at the hydrothermal temperature of 100 °C (Figure 4a).  The 
lengths of the MnO2 nanowires at 140 °C do not show obvious differences with those at 100 °C 
(Figure 4b).  However, the MnO2 nanorods grow longer, to around 2 micrometers, at 180 °C 
(Figure 4c), and the lengths grow up to over tens of micrometers at 220 °C (Figure 4d).  In  
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addition, the gradually increasing diameter with the increasing hydrothermal reaction 
temperature could also be observed from Figure 4b-d, which suggests that the aggregation of 
nanowires into bundles minimizes energy.  A TEM image (Figure 5d) suggested that each 
individual nanowire in the bundles has a uniform diameter about 20 nanometers.     
 
Figure 3.3. SEM characterization of the MnO2 nanowires on graphene forming 3-D structured 
integrated composite prepared under the mild condition of 100 °C for (a) 6 h; (b) 12 h; (c) 24 h; (d) 
36 h of reaction; (e) EDS elemental analysis results confirming its elemental composition. 
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Figure 3.4. SEM characterization of the MnO2 nanowires on graphene (a) 100 °C for 24 h; (b) 
140 °C for 24 h; (c) 180 °C for 24 h; (d) 220 °C for 24 h. 
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Figure 3.5. TEM characterization of the MnO2 nanowires on graphene forming 3-D structured 
composite prepared under mild conditions. (a) 80 °C for 24 h; (b) enlarged view of section 
highlighted in (a) showing the formation of MnO2 nanorods; (c) 140 °C for 24 h; (d) 220 °C for 24 . 
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The morphology is further confirmed by TEM (Figure 5).  Interestingly, it was found that 
MnO2 starts to form at temperatures even as low as 80 °C (Figure 5a and b), suggesting that mild 
reaction conditions could be generally employed to fabricate the unique 3-D nanostructures.  
Figure 5a shows that the graphene aggregates with MnO2 nanorods on the surface.  A higher-
magnification TEM image of the edge of the same sample shows that there are MnO2 nanorods 
starting to form (Figure 5b).  The TEM images reveal that the diameters of the MnO2 nanowires 
increase from 5 nanometers at 80 °C to about 15 nanometers (Figure 5c) at 140 °C, and then to 
about 20 nanometers (Figure 5d) at 220 °C.  The increase in diameter corresponding to the 
increase in temperature could be attributed to faster growth of initial crystallites at higher 
temperatures.  The initially formed crystallites could be the seeds for subsequent formation of 1-
D nanowires.  It is also found that when the reaction temperature was dramatically increased, e.g. 
to 220 °C, the morphology could be further tuned (Supporting information, SI.1).  There were 
MnO2 nanowires of approximately 1 micrometer long, with a diameter at nanoscale, formed 
when reacted for 24 hours. 
The MnO2 nanowires drastically changed to nanorods of several micrometers long with a 
diameter of about 1-2 micrometers (SI.1b) when the reaction time increased to 48 hours.  At a 
reaction time of 72 hours at 220 °C, the diameters of the MnO2 nanorods grew to about 10 
micrometers and the lengths increased to tens of micrometers (SI.1c).  However, the dimensions 
did not show significant differences when the reaction time increased from 72 hours to 96 hours 
(SI. 1c and d). 
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To better understand the formation mechanism, the effect of the concentration of reagents 
was investigated.  SEM images of the sample prepared with 0.025 M, 0.050 M, 0.075 M and 
0.100 M (concentrations for all three precursors) at 100 °C for 24 hours reveal that there is no 
obvious morphology difference (SI.2).  This suggests that the concentration of the precursors is 
not a key factor that determines the lengths and diameters of the MnO2 nanowires.  Generally, 
concentration affects the nucleation process and crystalline growth, thus the unusual observation 
here will require further investigation.  On the other hand, this also suggests that in the future, 
when mass production is required, high concentrations of reagents can be employed for high 
throughput production without compromising the morphology and structure of the final product.  
XRD analysis reveals that MnO2 is generally formed under different experimental conditions 
with the presence of graphene (SI.3).  This again suggests that the method developed here could 
be employed for mass production, since no restricted experimental conditions are required.   
3.3.3 Conductivity and TGA measurements 
The specific electrical resistances of the as-prepared powders were measured by applying 
constant currents across the pallets of the materials compressed using a hydraulic press, and then 
dividing the voltage across the pallets by the applied currents.  A pallet has a diameter of 6 mm 
and a thickness of about 1 mm.  As shown in Figure 6, the specific electrical resistance increases 
with both the reaction time and the reaction temperature.  Compared to the resistance of 3.50 Ω ⋅ 𝑐𝑚 at a reaction time of 6 h, it increases to 6.67 Ω ⋅ 𝑐𝑚 at 12 h and 10.99  Ω ⋅ 𝑐𝑚 at 24 h.  The 
resistance at 36 h reaches 26.44 Ω ⋅ 𝑐𝑚.  Similarly, the resistance increases from 6.67 Ω ⋅ 𝑐𝑚 to 
38.5 Ω ⋅ 𝑐𝑚 when the reaction temperature increases from 100 °C to 220 °C.  The differences 
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most likely come from the increasing size of the MnO2 nanowires since the weight ratios of 
MnO2 and graphene in all samples are in the range of 0.35 ± 0.05.   
3.3.4 Proposed formation mechanism 
Based on extensive material characterization, the formation mechanism of MnO2 
nanowires on graphene sheets could be proposed.  The strong oxidizing property of 
permanganate leads to deposition of cryptomelance-type MnO2 on graphene surface.  The 
reaction between graphene and KMnO4 could be described with the following equation (1): 
 4MnO4− + 3C + H2O ⇒ 4MnO2 + CO32− + 2HCO3-                                           (1) 
This surface reaction could enhance the 1-D MnO2 nanowires formed to be deposited closely on 
the graphene surface, which would prevent the aggregation of graphene sheets and enhance the 
integration of the composite materials.  The formation mechanism is proposed as the following: 
MnO4- is attached to hydroxyl groups at the surface of graphene sheets due to electrostatic 
interaction and then either reduced or decomposed on the surface.  The high temperature 
condition (e.g., 100 °C) could accelerate the reaction and deposition of solid MnO2 as revealed 
by the SEM and TEM observations discussed previously.  Since (001) faces of MnO2 crystals are 
the most energetic ones [73], the MnO2 nuclei experience (001) face preferential growth under 
formulated experimental conditions to minimize total surface energy, which results in the 1-D 
growth of MnO2 nanostructures into nanowires on the surface of graphene.  With excess MnO4- 
and the self-limited reactions, the existing MnO2 nanowires could function as seeds to grow into 
bigger and longer MnO2 nanowires and nanorods as observed.  Our ongoing effort is to reveal 
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the exact formation mechanism by in-situ observation, and the results will be disclosed when 
available.     
3.3.5 Proof-of-concept application in supercapacitors 
CV response of MnO2/graphene composites is carried out at a scan rate of 5 mV/s in a 
potential range of -0.1 to 0.4 V versus a Hg/HgO reference electrode.  The typical CV curve 
(Figure 6a) does not contain any faradaic peak, indicating close-to-ideal pseudocapacitive 
behavior and good ionic diffusion inside the 3-D composites [74].  The capacitance vs. cycle 
number plot is shown in Figure 6b, which suggests excellent cycling performance of over 1000 
cycles.  A few typical charge-discharge profiles are shown in Figure 6c.  Specific capacitance is 
calculated by dividing the current density by the scan rate and the mass of active materials, as 
shown in the following equation:  
                                                    (1) 
where I (mA) denotes the average current value at the middle point of the voltage scan range (at 
0.15 V in this case), dV/dt (mV/s) is the voltage scan rate, and m (g) represents the mass of 
electroactive materials.   
Given that the structure and morphology of MnO2 nanowires are strongly dependent on 
the preparation conditions as discussed previously, and at nanoscale the structure and 
morphology could affect their properties, a group of samples prepared under different conditions 
are evaluated electrochemically.  Figure 6d reveals that the capacitances of the as-prepared 
C = 𝐼$𝑑𝑉𝑑𝑡(𝑚
 
 
 
	  	  	  	  	  	  
44 
MnO2/graphene composites have an optimized hydrothermal temperature of 100 °C, at which the 
supercapacitor cells have the highest capacitance.  Figure 6e shows the optimized hydrothermal 
time of 24 hours among the chosen four reaction times.  This suggests that the capacitance of 
MnO2/graphene composites can be tuned by the dimensions of MnO2 nanowires, which in turn 
can be controlled by preparation conditions.  In both sets of experiments with different reaction 
times and temperatures, the highest capacitances were obtained from the MnO2 nanowires which 
have diameters of around 15 nanometers and lengths of within 1 micrometer as observed by 
SEM and TEM, which further confirmed the optimized wire size for higher capacitance.  A 
possible explanation for this optimized dimension is that there is a balance between the 
MnO2/graphene ratio and the conductivity of the composite.  The capacitance increases with 
MnO2 nanowires in graphene layers at the beginning can be attributed to the higher capacitance 
of MnO2.  With the increasing dimensions of MnO2 nanowires, the fast surface reaction 
introduced in the composite resulted in an increase in capacitance.  However, the conductivity of 
the MnO2/graphene composite decreases by further increasing of MnO2 nanowire dimensions.  
Thus, the loss of capacitance due to higher resistance of MnO2 nanowires offsets the capacitance 
increase due to MnO2 pseudocapacitance.  Therefore, the capacitance of the composite drops 
after the optimal dimension, which is about 15 nm in diameter and about 1 micrometer in length 
in this case.   
The capacitance of the MnO2/graphene composites shows a constant increase (SI.4) with 
the increasing precursor concentrations, although there is no significant difference in either 
morphology (SI.2) or crystalline structure (SI.3).  This might be due to the higher weight ratio of 
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MnO2 to graphene in the composites, resulting from the reactions of higher concentrations of 
precursors with excess amounts of graphene. 
Note that in this study, the voltage window is limited to below 0.4 V to avoid the 
interference of capacitance from Ni foam oxidation reactions [75]. The relatively low 
capacitance might be due to the low surface area of commercial graphene employed in this study.  
Further experiments using self-standing high surface area MnO2/graphene composite film as 
electrodes are being conducted. 
                    
Figure 3.6. (a) CV curve of 3-D MnO2/graphene composites; (b) specific capacitance of a 
MnO2/graphene capacitor; (c) typical charge-discharge profile of a MnO2/graphene supercapacitor; 
(d) comparison of the specific capacitances of 3-D MnO2/graphene composites prepared under 
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different reaction temperatures for 24 h; (e) comparison of the specific capacitances of 3-D 
MnO2/graphene composites prepared at different hydrothermal time at 100 °C. 
3.4 Summary 
3-D composites of integrated 1-D MnO2 nanowires and 2-D graphene are synthesized 
using the mild condition of 100 °C, at which MnO2 nanowires grow on the surface of graphene 
sheets.  It was found that MnO2 nanowires could be formed at temperatures as low as 80 °C.  
Both reaction time and temperature can be employed to tune the lengths and diameters of the 1-D 
MnO2 nanowires.  The formation mechanism of MnO2 nanowires has been proposed.  The 
electrochemical performance of the 3-D composites was evaluated and found to be a promising 
candidate for supercapacitors.  Furthermore, the capacitance of MnO2/graphene can be tuned by 
choosing different reaction conditions due to its control over MnO2 morphology. 
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CHAPTER 4 3-D MNO2/ HOLEY GRAPHENE COMPOSITE FOR SUPERCAPACITOR 
APPLICATION 
4.1 Introduction 
The supercapacitor, an energy storage device that bridges the gap of energy and power 
density between secondary batteries and conventional capacitors, has spurred new and interesting 
research by many groups.  One of the key issues is the improvement in the energy density 
(𝐸 = !!𝐶𝑉!).  A direct way to improve energy density is to improve the capacitance.  While the 
electrode surface area is proportional to the capacitance, numerous carbon-based materials are 
reported to fulfill this requirement, such as graphene, activated carbon, carbon aerosols and 
carbon nanotubes [76-78].  On top of these different kinds of carbon materials, a variety of 
structures, such as 1-D carbon nanotubes, rods and wires [79], 2-D graphene sheets [80] and 
graphene papers [81], and 3-D carbon forests [82] of a pure material or composites are designed 
to increase the integrity and conductivity while increasing the electrolyte accessible surface.   For 
example, Kim et al. [83] reported a 3-D architecture of graphene and carbon nanotubes with a 
capacitance of 490.3 𝑢F/cm2, compared to 100  𝑢F/cm2 [84] for graphene-only electrodes at a 
fast charging-discharging rate.  They concluded that the carbon nanotubes, grown by chemical 
vapor deposition between graphene layers, alleviated the graphene self-aggregation and therefor 
enhanced the current pathway between the graphene layers.  Jiang and coworkers [84] 
summarized the studies on graphene and carbon nanotube-based 3-D porous architectures.  They 
concluded that the 3-D configuration provides hierarchical porous channels that enhance the ion 
diffusion and accessibility of electrolyte to the electrode surface.  The importance of tailoring 
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pore sizes in the mesopore regime to optimize the electrochemical performance, was also pointed 
out in their study.   
In addition to electrical double layer capacitance that is mainly determined by surface area, 
pseudocapacitance that is based on faradic mechanisms (eletrosorption, redox reactions and 
intercalation) is also a booster of the capacitance [85].  Among these pseudocapacitive materials, 
transition metals oxides are considered to be the most promising choices, due to their superiority 
in high intrinsic capacitance, compared to their conductive polymers counterparts.  RuO2 [86], 
MnO2 [87, 88], CoO2 and V2O5 [89] are all reported to be able to provide high 
pseudocapacitance.  However, due to the nonconductive nature of the metal oxides, electrodes of 
this kind are usually made into a very thin film of less than several hundred nanometers so that 
electrons can still transfer effectively through the electrode [90, 91].  As a result, it is usually not 
straightforward to achieve a high enough volumetric energy density for commercial applications.  
To alleviate the conductivity issue, the metal oxides are integrated with highly conductive carbon 
materials at a certain ratio.  For example, He et al. [92] electrochemically deposited MnO2 on 3-
D graphene networks to enhance the capacitance of 130 F/g of the composite while still 
maintaining a preferable conductivity.  They believe that the 3-D graphene network serves as a 
highway for electron transfer and provides easy access for electrolyte ions.  These approaches, 
however, usually need to trade off between the intrinsic capacitance and conductivity of the 
composites, and require complex and energy-consuming preparation processes.  In a word, 
although many delicate structures have been reported to show very promising capacitance, they 
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are either not able to form to a practical thickness to achieve an acceptable energy density, or are 
not economically viable for mass-production.   
In our previous work [93], MnO2 nanorods were successfully grown from the surface of 
graphene.  The effects of reaction time and temperature on the morphology of the MnO2 
nanorods were investigated.  The morphology was, in turn, correlated to the electrochemical 
performance of the MnO2 and commercial graphene composites.  The optimized reaction 
conditions of 24 h reaction time, 100℃ reaction temperature and 20 wt % MnO2 loading on 
graphene were identified and used in this study.  
 
 
 
 
Figure 4.1. Illustration of the formation of 3-D MnO2/HGO. 
In this paper, a novel 3-D MnO2/HGO composite is prepared in a simple acid-treating 
process [94] followed by a hydrothermal reaction.  The formation process is illustrated in Figure 
1.  Holes are first made on the surface of GO sheets by acid-etching to form holey graphene 
oxide (HGO), then MnO2 nanorods are grown from the surface of the HGO.  This 3-D network 
synergistically enhances the pathways for the electrolyte to access the surface of the bulk active 
material.  The holes on HGO nanosheets provide even more cross-plate pathways for the 
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electrolyte in the direction vertical to the surface [94].  The HGO nanosheets provide highly 
active surface area, high conductivity and also serve as nanoscale current collectors, a substrate 
to support MnO2 nanorods, and a conductivity enhancer to augment the overall micro-scale 
electrical integration of the electrode.  MnO2 nanorods have the dual role of providing high 
intrinsic capacitance and serving as spacers in the 3-D structure to prevent soft and thin HGO 
sheets from stacking back together and losing their active surface areas.  The elevated pathways 
provided by the 3-D holey structure, together with the introduction of high intrinsic MnO2 
nanorods, resulted in an elevated capacitance for the 3-D MnO2/HGO composite. 
4.2 Experimental setup 
4.2.1 HGO preparation 
GO was prepared as reported in reference [95].  HGO was prepared similarly as reported 
in [94], while a higher acid ratio and longer etching time were used to enhance the etching 
effects.  The GO suspension was mixed with HNO3 (Sigma-Aldrich, 70 wt %) at a GO to HNO3 
ratio of 3:1.  The mixture was placed in an ultrasonic bath (Branson 2510, maximum power: 100 
W) at four different times of 0.5 h, 1 h, 2 h and 3 h to etch the GO flakes.  A rinsing process of 
the mixture was followed using DI water, until the pH value reached 7, to remove the excess acid.  
The suspension was then condensed by centrifuging, and the supernatant liquid was decanted.  
The weight ratio of the HGO in the suspension is 1.90 %.  
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4.2.2 MnO2/HGO composite preparation  
MnO2/HGO composite was synthesized as reported in our previous work [93]. In a 
typical procedure, a suspension that contains 50 mg HGO was mixed with 25 mL aqueous 
solution of KMnO4 (0.1 M), K2SO4 (0.1 M) and K2S2O8 (0.1 M).  The mixture was diluted to 75 
mL, placed into a Teflon-lined autoclave, and kept at 100 °C for 24 h.  The supernatant liquid 
was then decanted, and the solid product at the bottom of the autoclave was collected.  The 
sediment was washed with DI water five times to completely remove the residual salts.  The 
product was then dried in a vacuum oven at 100 °C for 12 h.  
4.2.3 Electrochemical characterization 
The as-prepared composite powders were dispersed in N-methyl-2-pyrrolidone (NMP) 
solution with a polyvinylidene difluoride (PVDF) binder (composites to PVDF mass ratio of 9:1).  
Then, pre-cleaned Ni foam (30 - 40 mg, 0.25×0.25 cm2, 0.165 cm in thickness) was immersed 
into the slurry to load the active materials.  The coated Ni foam was taken out of the slurry and 
kept at 80 °C for 4 h, then dried at 110 °C for 12 h in a vacuum oven.  The dry electrode was 
then pressed through a rolling mill to enhance the contact between the active material and the 
substrate. The final thickness of the electrode was 0.089 cm.  The average loading amount of 
MnO2/HGO composites on the Ni foam was about 2 mg.  Electrochemical measurements were 
conducted using a Gamry 3000 Potentiostat (Gamry Instruments) and Parstat 2273 
electrochemical system (Princeton Applied Research).  
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4.2.4 Electrochemical testing setup   
              The electrochemical performance was tested using a standard three-electrode setup, 
where MnO2/HGO composites as electrode materials, a Pt wire serving as the counter electrode 
and an Hg/HgO electrode as the reference electrode.  MnO2/HGO composite-coated Ni foam was 
hung from a Ni wire as the working electrode into 1 M Na2SO4 aqueous solution as electrolyte.  
The scan rate used in cyclic voltammetry was 0.5 mV s-1 with a scan voltage window between -
0.1 and 0.4 V.   
4.3 Results and discussion 
4.3.1 Chemical composition  
The powder X-Ray diffraction patterns of the as-prepared samples are depicted in Figure 
2.  The XRD pattern of the GO sample shows a typical graphene oxide peak at 13° as shown in 
Figure 2a.  The XRD patterns of the MnO2/GO composite (Figure 2b) and MnO2/HGO 
composite (Figure 2c) shows very similar major 𝛼-MnO2 peaks at 2𝜃 =12.45°, 17.65°, 28.25°, 
37.35°, 41.55°, 49.35° and 59.55°).  All of the diffraction peaks are indexed to tetragonal phase 
(space group I4/m) with the lattice constants of a= 9.8172 Å and c=2.8582 Å (JCPDS 44-0141) 
[96].  The sharp and well-defined peaks indicate the crystallinity of the as-prepared MnO2/GO 
and MnO2/HGO composites.  There is no significant difference in XRD spectra between the two 
samples, suggesting that the differences in the electrochemical performances are more likely to 
be from the morphological differences.  
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Figure 4.2. XRD patterns of the a) GO, b) MnO2/GO composites and c) MnO2/HGO. 
 4.3.2 Morphology study 
The effect of HNO3 etching on the sizes and amounts of the holes was studied at four 
different etching times of 0.5 h, 1 h, 2 h and 3 h.  As shown in the SEM images (Figure 3), holes 
with diameters of around 100 nm were clearly observed in all four samples at different etching 
times.  Interestingly, there is no significant differences among the four samples, prepared at the 
four different etching times, regarding to the number of holes and the sizes of the holes.  The 
hole sizes are in agreement with that reported by Zhao [94] under similar conditions.  
 
 
 
	  	  	  	  	  	  
54 
 
 
 
 
 
Figure 4.3. FRSEM images of MnO2/HGO composites at different etching times: a) 0.5 h, b) 1 h, c) 
2 h and c) 3 h.  
It is shown in Figure 4a that the GO has a flat and non-porous surface consisting of GO 
flakes stacked together.  MnO2/GO composite, on the other hand, shows a looser 3-D structure 
compared to that of pure GO, where nanorods grow from the GO surface (Figure 4b).  With 
MnO2 nanorods as spacers between the GO flakes, the 3-D structure provides an easier pathway 
for the electrolyte to access the surface of the active materials.  In order to further increase the 
surface area exposed to electrolyte and enhance the electrolyte penetration through the integrated 
a b 
c d 
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electrodes, holes were made by acid etching on the surface of the GO before growing MnO2.  
The resulting 3-D structure of the MnO2/HGO composite is shown in Figure 4c, at two different 
magnifications.  Holes with diameters of around several hundred nanometers are clearly 
observed, scattered evenly on the surface of the HGO.  In addition to the pathways made by the 
MnO2 nanorod spacers between the HGO flakes, the holes provide further possible pathways 
through the HGO flakes for the electrolyte to have access to the bulk of the active materials [94].  
Therefore, more active materials in the bulk can also contribute to the reversible charge storage 
with enhanced electrochemical performance, as compared to the tightly-packed GO electrodes.  
Furthermore, the holes also make it possible for the MnO2 nanorods to pass through the HGO 
flakes, rather than staying in between the flakes.  In other words, the MnO2 nanorods are not 
necessarily parallel to the local HGO sheets, but instead are in a 3-D orientation against the 
surface of the local HGO sheets, which will provide more steric scaffold for the 3-D structured 
composite. 
4.3.3 Electrochemical performance  
The capacitances of the as-prepared samples are summarized in Figure 5.  Among the 
MnO2/HGO samples with different etching times, the sample with 3 h etching time shows the 
highest capacitance of 117 F/g.  Despite the negligible differences of hole sizes and distributions 
observed from FESEM images, the capacitances show a slightly increasing trend with the 
increased acid etching time from 85.7 F/g at 0.5 h to 117 F/g at 3 h.  
On the other hand, capacitance differences between GO, MnO2/GO and MnO2/HGO can 
be attributed to the differences in the surface areas and impedances of the materials.  Table 1 
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Figure 4.4. HRSEM images of a) GO, b) MnO2/GO composite, c) MnO2/HGO composite at 
different magnifications. 
 
Figure 4.5. Capacitance changes of MnO2; GO; MnO2/GO composite; MnO2/HGO with etching 
time of 0.5h, 1h, 2h and 3h. 
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summarizes the results, along with the specific surface areas for the materials.  The GO sample, 
with a surface area of 408 m2/g, shows a limited capacitance of 30 F/g, due to agglomeration and 
restacking of GO layers, which is similar to the findings by Wang et al [80].  The integration of 
MnO2 nanorods within the layers of GO increases the intrinsic capacitance of the composite, 
while preventing GO restacking, and gives more accessibility to the bulk.  A higher capacitance 
of 71 F/g was obtained, even though the surface area of the MnO2/GO is much smaller (75.20 
m2/g) than that of GO (408 m2/g).  A similar capacitance value of 90 F/g has been reported using 
bulk MnO2/GO as active materials [92].  With the further engineering of the 3-D structure by 
etching holes on the surface of GO, the capacitance increased to 117 F/g even though the specific 
surface area only increased slightly to 86.06 m2/g.  This is a significant increase of almost 60% 
compared to MnO2/GO composites.  This result is in agreement with Vaquero’s report that 
mesopores of the materials facilitate ion accessibility and adsorption on the surface [97].  
Material 
Capacitance	  
(F/g) 
Impedance 
(Ohm)	  
Specific	  surface	  area	  
(	  m2/g)	  
GO 30.0 1.1	   408	  
MnO2/GO 71.0 2.1	   75.20	  
MnO2/HGO	   117. 48 3.5	   86.06	  
Table 4.1. Electrochemical properties and specific surface area of tested materials. 
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The EIS curves of GO, MnO2/GO and MnO2/HGO composites are depicted in Figure 6.  
The intercept of the Nyquist plot with the real part (Zrel) corresponds to the equivalent series 
resistance (ESR) of the system, which includes the intrinsic ohmic resistance of the electrode 
material and the ionic resistance of the electrolyte [92].  The ESR value of MnO2/GO increases 
to 2.1 ohms, compared to 1.1 ohms for GO.  The increase in ESR can be attributed to the 
integration of low-conductivity MnO2 nanorods into GO layers.  On the other hand, the etching 
holes on the surface of the HGO break the carbonaceous framework and cause partial 
detachment and removal of carbon atoms from the GO sheet [94].  Thus, the impedance of the 
MnO2/HGO increases to 3.5 ohms, compared to 2.1 ohms for the MnO2/GO composite.   
The diameter of the semicircle at the high frequency region can be used to estimate the 
charge transfer resistance (Rct) [98].   As shown in Figure 6, the much smaller semicircle of 
MnO2/GO and MnO2/HGO indicate a smaller Rct compared to that of GO.  The smaller Rct is 
associated with the increased contact area at the electrode-electrolyte interface due to the 3-D 
network [99].  The more inconspicuous loop of MnO2/HGO in the high- to mid- frequency 
region, which leads to a more vertical low frequency curve, indicates a well-connected interface 
of electrolyte ions and electrode [100].  The enhanced electrolyte ion diffusion and connection 
leads to the high capacitance of 117 F/g compare to 71 F/g for MnO2/GO.  The elevated 
capacitance of MnO2/GO compare to that of GO is likely due to the lower Rct since there is no 
significant difference in the ion diffusion between MnO2/GO and GO based on the EIS curves.   
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Figure 4.6. EIS Curves of GO, MnO2/GO composites and MnO2/HGO composites. 
4.4 Summary 
A convenient, economic and easy-to-scale-up method of preparing 3-D materials for 
supercapacitors is reported.  The MnO2 nanorods act as spacers in-between the HGO layers 
minimizing agglomeration and stacking of layers.  Despite the specific surface area decrease 
from 408 m2/g to 76.1 m2/g, the capacitance of the MnO2/GO composite increased by 57.7 % 
due to the introduction of MnO2 and the 3-D network.  Furthermore, etching holes on the surface 
of GO flakes further optimize the 3-D structure and created more pathways for the electrolyte to 
penetrate into the bulk materials.  Therefore, a further increase of 64.8% was achieved, even 
though the impedance of the composite was higher than that of the MnO2/GO composite due to 
the disruption of the conductive GO surface.
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CHAPTER 5 GRAPHENE NANO SHEET SUPPORTED BIFUNCTIONAL CATALYST 
FOR HIGH CYCLE LIFE LI-AIR BATTERIES 
5.1 Introduction 
Secondary or rechargeable batteries as energy storage devices garner more attention 
today than at any time in human history due to the pressure to achieve efficient and economical 
electrification of vehicles and storage of intermittent wind and solar energy. The specific energy 
of state-of-the-art rechargeable Li-ion battery packs has reached 100-120 Wh/kg for automotive 
propulsion applications, and further engineering optimization using currently available chemistry 
may yield up to about 50% higher values (~180 Wh/kg).  Unfortunately, this is still insufficient 
to support the long term goals set by USABC in terms of full range (300 miles) electric vehicles 
because the required ~ 75 kWh battery would weigh at least 400 kg and thus compromise the 
vehicle efficiency.  Therefore further advances in specific energy are needed but are limited by 
low capacities of the lithium intercalation compounds used in the cathodes.  One promising 
approach which could achieve at least 4-fold higher energy efficiency is by replacing the Li 
intercalation cathode with the catalytically active oxygen electrode, forming the so-called Li-air 
(oxygen) battery, which has the highest specific energy among all known electrochemical 
couples [30, 101-108].  When only lithium is considered and oxygen is absorbed from the 
surrounding air environment, the battery has a specific energy of 11,972 Wh/kg in non-aqueous 
electrolyte systems.  However, Li-air systems suffer from large discharge overpotential (ηdis) and 
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charge overpotential (ηcha) due to slow kinetics in the oxygen reduction reaction (ORR) and in 
the oxygen evolution reaction (OER) [30, 108-112].  This corresponds to low cycle life and low 
electrical energy efficiency, currently on the order of 60-70%.  The detailed mechanisms 
underlying these high over voltages are currently not fully understood, but can be substantially 
reduced by incorporating appropriate catalysts.  At the air-electrode (currently porous carbon 
cathodes), insoluble Li2O2 is thought to be formed via the oxygen reduction reaction (ORR).  
There is some evidence that, with catalysts present, Li2O2 will undergo the oxygen evolution 
reaction (OER) at sufficiently high applied recharge voltages so that the aprotic configuration 
could be the basis for an electrically rechargeable Li-air battery.  However, the insoluble nature 
of Li2O2 in organic electrolytes, make them more prone to clog the porous structure of the air 
electrode.  Although the theoretical discharge capacity of the Li-O2 cell is extremely high, the 
practical capacity is much lower and is always cathode limited. 
The first challenge is developing an efficient and low cost bifunctional catalyst which 
reduces both charge overpotential and discharge overpotential.  Several bifunctional catalyst 
systems have been studied [107, 112-114], such as electrolytic MnO2 [107], α-MnO2 nano wires, 
Co3O4, Fe2O3, and CoFe2O4.  These results have demonstrated initial discharge capacities as high 
as 3000 mAh/g but declined rapidly after only a few cycles.  A steady discharge potential of 2.6 
V vs Li+/Li was observed for all catalysts, however a charge voltage ranging from 4 to 4.7 V was 
observed, depending on the type of the catalyst used.  Lu et al. demonstrated that bifunctional Pt-
Au nano particles loaded onto Vulcan carbon were shown to enhance the ORR and OER with 
round trip efficiency of 77% [114].  Pt-Au/C reported in this work demonstrated a discharge 
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capacity of 1200 mAh/g at a current density of 100 mA/g with  the lowest charging voltage (3.5 
V) and highest round-trip efficiency for Li-air cells.  However the cycle life of this system was 
not well studied.  In almost all cases, mesoporous carbon has been used as the support for the 
metal nanoparticles. Such mesoporous carbon supported electrode catalysts have shown quite 
moderate performance in Li-air batteries, and several major obstacles arising from the 
carbonaceous air cathode, such as carbon's oxidation in both charge and discharge processes, 
remain to be overcome if the cycling efficiency and cycle life of Li-air batteries are to be 
improved. 
The second critical research area is the design of a high surface area and chemically 
stable support matrix for the bifunctional catalyst, which would prevent oxidation during 
charging.  For the practical application of air cathodes, it is critical to choose a carbon matrix 
with a microstructure providing large surface area and pore volume to facilitate a Li/O2 reaction 
and to hold a maximum amount of discharge products which is proportional to the battery 
capacity per gram of carbon. Among porous carbon materials, Super P [115], Ketjen Black [116-
118] and Vulcan carbon [114] with high surface area and pore volumes have been used 
successfully to achieve high capacity air cathodes.  However, during the charge cycle, oxygen is 
generated in a highly reactive form, causing highly corrosive conditions to the conductive 
support materials as well as to the carbonate electrolytes.  Particularly, high surface area carbon 
materials used as a conductive support are severely attacked and oxidized (evolving CO2) under 
anodic conditions [119].  This suggests that the electrochemical stability of the air cathode 
support material is a key challenge in the development of practical Li-air systems. As an 
alternative to highly porous conventional carbon, the use of single walled carbon nanotubes 
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(SWCNT) as support materials for the air electrode has been reported [120].  Recently graphene 
nano sheets (GNS) as cathode support material have also been used. Bing Sun et al. 
demonstrated GNS as a better support with some catalytic properties compared to Vulcan XC-72 
carbon [121]. An initial discharge capacity of 2332 mAh/g with an average charge potential of 
3.97 V vs Li+/Li were observed for the GNS based Li-air system.  A limited cycling study of 
GNS (up to only five cycles) showed better performance than Vulcan XC-72 carbon.  Similarly, 
Yoo and Zhou [122] successfully demonstrated GNS as a metal free catalyst support for Li-air 
batteries.  Under a low current density of 0.5 mA/cm2, this system showed performance 
comparable to a system with Pt/C up to fifty cycles.  A recent paper by Peter G. Bruce et al 
demonstrated the use of a nano porous gold cathode instead of a carbon based cathode, together 
with LiClO4/dimethyl sulfoxide electrolyte in a Li-air cell to achieve 100 cycles with 95% 
capacity retention [30]. However, despite all these research efforts, there is still no viable low 
cost Li-air system with acceptable discharge capacity, round trip efficiency, and high cycle life.  
Therefore, research efforts need to focus on improving the capacity retention during cycling. 
Given the promising stability and enhanced conductivity observed in graphene, we investigated a 
new Li-air cathode by incorporating bifunctional catalysts into a graphene matrix.  The aims of 
this work are twofold. Firstly, to demonstrate the use of graphene nano sheets (GNS) as an 
electrochemically stable, highly conductive support matrix for bifunctional catalyst in Li-air cells; 
and, secondly, the synthesis of novel, low cost bifunctional catalyst of the pervoskite type with 
the chemical composition La0.5Ce0.5Fe0.5Mn0.5O3  which catalyzes the ORR and OER reactions in 
a working Li-air cell.  
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5.2 Experimental setup 
5.2.1 Synthesis of graphene nano sheets and anchoring of nano-Pt onto GNS 
The incorporation of nano particles of bifunctional catalyst onto GNS was performed by 
two methods. (1) Direct anchoring of catalyst during the synthesis of graphene from graphene 
oxide. (2) Use of impregnation, and co-precipitation methods to load catalyst onto as-prepared 
GNS.   
 Graphite oxide (GO) was synthesized from flake graphite (Asbury Carbons, 230U Grade, 
High Carbon Natural Graphite 99+) by a modified Hummers’ method originally reported by 
Kovtyukhova et al. [123], in which pre-oxidation of graphite is followed by oxidation with 
Hummers’ method.  The pre-oxidation of the graphite power was carried out with concentrated 
H2SO4 solution in which K2S2O8 and P2O5 were completely dissolved at 80°C.  The pretreated 
product was filtered and washed on the filter until the pH of filtrate water became neutral. The 
shiny, dark-gray, pre-oxidized graphite was dried in air overnight.  The final oxidation of pre-
oxidized graphite was performed by the reaction of pre-oxidized graphite dispersed in chilled 
H2SO4 with slow addition of KMnO4 at a temperature below 20 °C.  The resulting thick, dark 
green paste was allowed to react at 35 °C for 2 h followed by addition of 1 L of DI water to give 
a dark brown solution. After additional stirring for 2 h, the dark brownish solution was further 
diluted with distilled water after which H2O2 was added slowly until the color of the mixture 
turned into brilliant yellow. The mixture was allowed to settle overnight and the supernatant was 
decanted. The remaining product was washed with 10% HCl solution with stirring and the 
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brownish solution was allowed to settle overnight. The supernatant was decanted and the 
remaining product was centrifuged and washed with DI water. 
          Pt nanoparticles on graphene nanosheets were synthesized by the ethylene glycol reduction 
(EG) method following reference [124].  In a typical synthesis, stoichiometric amounts of metal 
precursors (H2PtCl6 as Pt precursor) dispersed in 40 mL ethylene glycol solution and 160 mg GO 
dispersed in 40 mL ethylene glycol solution are mixed together in a 125 mL round-bottom flask 
equipped with a N2 in/outlet. The resulting suspension is refluxed at 403 K for 3 h.  The 
composite mixture was then sonicated for two hours and then vacuum-filtered until the surface of 
the composite appeared dry. Then it is washed copiously with acetone and dried at 333 K in a 
vacuum oven.  Finally, the catalyst-GNS composite was heat treated at 473 K under Ar-H2 (9:1 
v/v) gas atmosphere for 2 h.  For comparison, Ketjen Black-supported Pt was also prepared by 
wet impregnation method. The nominal Pt content on both the graphene and Ketjen Black was 
10 wt % each. 5.1.2 Synthesis of bifunctional catalyst and anchoring of catalyst onto GNS 
Perovskite type catalyst, La0.5Ce0.5Fe0.5Mn0.5O3, was prepared by the co-precipitation method 
mixing stoichiometric amounts of corresponding nitrate compounds in DI water.  The precursors 
were separately mixed in an aqueous solution, and this mixed metal solution was added drop-
wise to a new container with an aqueous solution of ammonia to reach a pH value of about 10.  
The precipitates were filtered, washed with DI water until no pH change could be detected, dried 
at 110 °C overnight and then calcined in air at 500 °C for 2 hours.  Synthesized bifunctional 
catalyst were loaded onto GNS by physical mixing during the slurry preparation. 
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5.2.2 Slurry and air cathode preparation 
A slurry was prepared using the procedure described by Beattie et al [105] by mixing 
catalyst anchored carbon powders (GNS or KB) with 5% PVDF (average MW 534000 GPC, 
Sigma-Aldrich)/ N-methyl pyrolidone (NMP, 99.5%, Sigma-Aldrich) binder mixture and 
homogenized with a pestle and mortar. Circular disks (1 cm diameter and 1.6 mm thick) were cut 
from sheets of Nickel foam (Goodfellow Corporation) and submerged in the NMP/PVDF/carbon 
slurry. The disks were sonicated to improve penetration of the carbon matrix on Ni foam.  NMP 
solvent was removed by vacuum drying the carbon coated Ni foam at 110 °C for 12 hours.  The 
PVDF binder amount in the final cathode was 10%. 
 5.2.3 Material characterization 
          Raman spectroscopy (Invia Raman Microscope, Renishaw), BET surface area and pore 
size distribution analyzer (Micromeritics, Tristar III), and SEM (S-2400, Hitachi) were used to 
characterize as prepared GNS, catalyst/GNS composite, catalyst/commercial graphene composite. 
Catalyst composition and structure were analyzed by SEM-EDX and XRD (SmartLab High-
Resolution System, Rigaku Corporation). 
5.2.4 Li-air single cell construction and electrochemical characterization 
The cell consisted of lithium metal foil as the anode, a 250 µm thick Celgard fiber separator, 
and a porous cathode constructed from various combinations of carbon matrices and catalyst.  
1M LiPF6 in 1:1 ethylene carbonate: dimethylcarbonate mixture was used as electrolyte. The cell 
construction was of a spring loaded Swagelok design with active electrode areas of 1.2 cm2. The 
cell was assembled in an argon-filled glove box with <1 ppm O2 and moisture content. 
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   Electrochemical cycling of the assembled cells was done galvanostatically using a Maccor 
battery cycler (Maccor, Inc, Model 4200) with a cut-off voltage range of 2.0 V-4.8 V while 
maintaining a constant current density.  Electrochemical tests were performed under controlled 
atmospheric conditions using dry oxygen.  To determine the maximum capacity, the first cell 
was subjected to ~3-5 charge-discharge cycles at a constant current density of 70 mA/g cathode 
material.  The second cell was used to evaluate for cycle performance using the same rate up to 
the 60% depth of discharge (DoD) limit.  The irreversible capacity loss, coulombic and voltaic 
efficiency of the cell were recorded as a function of number of charge discharge cycles.  The 
same cell was subjected to Electrochemical Impedance Spectroscopy (EIS) measurements at the 
0.1-106 Hz frequency range in order to measure the internal resistance build up during discharge-
charge cycles. 
5.3 Results and discussion 
5.3.1 Materials characterization 
The morphologies of the as-prepared GNS was observed by SEM (shown in Fig. 1).  The 
as-prepared GNS consists of the characteristic wrinkle-like thin nanosheets. The X-ray 
diffraction pattern of as-prepared GNS is shown in Fig. 2(a). The as-prepared GNS displays both 
a broad (002) peak and weak (100) peak, implying the breaking of the interplanar carbon bonds 
of the pristine graphite and the formation of graphene nanosheets.  Fig. 2(b) shows the Raman 
spectrum of the as-prepared GNS and that of graphite.  The characteristic sharp D line of 
crystalline graphite is clearly visible.  Two typical Raman peaks of carbon are observed at 1340 
and 1585 cm-1, corresponding the D line and G line, respectively.  The D line is stronger than the 
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G line, and the D/G intensity ratio in the spectrum is significantly higher than that of well-
crystallized graphite, indicating the decrease of the size of the in-plane sp2 domains and partially  
                         
Figure 5.1. SEM image of GNS. 
 
Figure 5.2 XRD pattern (a) and Raman spectrum (b) of graphene nano sheets (GNS). For 
comparison Raman intensity of Graphite also included in (b). 
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disordered crystal structure of graphene nanosheets [121].  The surface area and microstructure 
of the carbon sources play an important role in the electrochemical performance of Li-air 
batteries [113]. In order to examine the specific surface area and the pore size distribution of the 
as-prepared GNS and Ketjan Black carbon, N2 adsorption-desorption isotherm measurements  
 
  a 
  b 
Figure 5.3. Nitrogen adsorption-desorption isotherm and pore size distribution curve of GNS (a) 
and KB (b). 
1 
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were carried out using Micromeritics, Tristar III surface area and pore distribution analyzer.  In 
Fig. 3(a-1), the GNS is shown to exhibit a typical IV shape, indicating their mesoporous 
characteristic.  The pore size distribution, obtained from the Barrett-Joyner- Halenda (BJH) 
method, is shown in Fig. 3(a-2). The plot shows that the dominant peaks are in the mesoporous 
range with a peak around 6 nm.  The surface area estimated from the Brunauer-Emmett-Teller 
(BET) method is 380 m2 g-1 and the pore volume is 5.49 cm3 g-1. The nitrogen 
adsorption/desorption isotherm of Ketjen Black carbon is shown in Fig. 3(b-1). The pore size 
distribution of Ketjen Black carbon exhibits a mesoporous structure with broad pore size 
distribution.  The surface area estimated from the BET method is 1557.5 m2 g-1 and the pore 
volume is 10.5 cm3 g-1.  The discharge capacity of lithium-air batteries is related to the available 
pore volume of the air electrode [9]. The air electrode can accommodate more discharge 
products, the discharge time can be longer and the discharge capacity can be higher if the 
available pore volume is larger.  However, the pore volume and surface area of Pt-GNS was less 
than the GNS itself and depends on the temperature used to dry the Pt-GNS composite. 
5.3.2 Electrochemical characterization 
The electrocatalytic activity of GNS and KB for ORR and OER without added catalysts 
was examined in Li-O2 cells and compared with those with added Pt catalysts.  The cell 
configuration was Swagelok type with a carbon coated, 1.6 mm thick and 1cm diameter Ni foam.  
The carbon loading on Ni foam was kept constant of at 7 ± 1 mg since the capacity initially 
increased with the increased carbon loading up to about 12 mg and then decreased drastically 
with increased carbon loading.  The loading of catalyst on carbon was 10%.  The discharge-
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charge cycle (first cycle) of Li-O2 cells constructed using graphene and KB are shown in Fig. 4.  
A discharge capacity of 2400 mAh/g with a nominal discharge voltage of 2.68 V was observed 
for KB (Fig. 4(a)), while for graphene a discharge capacity of 2000 mAh/g at a stable nominal 
discharge voltage of 2.80 V was observed at a constant current of 50 mA/g (Fig. 4(b)).  This 
discharge capacity value reported for KB is comparable to the values reported using porous 
carbons [115-117].  The lower discharge capacity of GNS compared to KB can be attributed to 
the lower surface area of synthesized GNS.  However, the average charging voltage plateau 
obtained  
 
Figure 5.4. Discharge  and charge curves of graphene (a)  and KB (b) based Li-air single cell. 
for GNS (3.90 V) is lower than the value obtained for KB (4.30 V) and values reported using 
porous carbon without any added catalysts [115, 117-120].  The voltaic efficiency (discharge 
voltage/ charge voltage) for graphene and KB systems are 63% and 72 % respectively.  Based on 
the fact that a nearly identical discharge voltage of 2.60 VLi was observed regardless of the type 
of carbon and for dissimilar catalysts such as Pt and oxides of Fe, Co, Ni, Cu and Mn, Lu et al. 
[113] concluded that ORR kinetics in Li-air systems is not a catalytically sensitive reaction, or 
ηCharge 
ηDischarge 
a b 
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that the ORR kinetics is dominated by the high catalytic activity of different carbon materials. 
However, we have observed a higher discharge voltage of 2.85 VLi when GNS was used as 
carbon matrix.  This could be due to the higher electrical conductivity of GNS compared to KB 
containing cells.  Similar results were reported by Sun et al. [121]and Zhou et al. [122].  The 
average charge voltage obtained for KB presented in Fig. 4(a) is 4.30 V, which is comparable 
with the values reported by others.  Normally, the charging activity (OER or decomposition of 
Li2O2) of carbon is poor, with an average voltage plateau of 4.70 V Li.   The use of catalyzed high 
surface area carbon can reduced the activation overpotential associated with OER.  Average 
charge voltages of 4.20 V Li on MnO2/C and 4.00 V Li on gamma MnO2, alpha MnO2 nanowires 
have been observed for catalytic systems.  The charge curve of the graphene based cell presented 
here shows (Fig. 4(b)) a charge voltage even less than 4.00 V Li during the beginning and 
increased to 4.00 V Li during the latter part of the charge cycle.  These observations clearly 
indicate that GNS catalyzes the OER in Li-air systems.  Thus, GNS appears to be a chemically 
stable, high surface area support material for air cathodes with increased ηdis. 
         The cycling behavior of GNS and KB based cells without added catalysts are shown in Fig. 
5. Note that the current density used here was 100 mA/g and the discharge cycles were 
terminated when the DoD was 60%.  The first cycle discharge capacities at this high discharge 
rate were 1800 mA/g, and 1400 mA/g for KB and GNS respectively.  The discharge capacity 
dropped to 1200 mA/g within five cycles (14% decreases), while the KB based cell showed a 
more dramatic capacity drop of 44% after five cycles.  The voltaic efficiencies, also presented in 
Fig. 5, dropped moderately (from 72% to 60%) with the GNS based cell and drastically (from 63% 
to 30%) with the porous carbon base cell.   
 
 
 
	  	  	  	  	  	  
73 
              
Figure 5.5. Comparison of discharge capacity and voltaic efficiency of graphene based and KB 
based Li-air cells. 
Although the GNS based Lithium air cells showed promising properties over conventional 
porous carbon based air cathodes, the voltaic efficiencies presented here are still not sufficient 
for practical applications.  Therefore, we have further investigated the incorporation of 
bifunctional catalysts into GNS and the performance of an air cathode made out of these systems.   
          Lu et al. [113] showed that bifunctional Au-Pt nano catalysts can greatly influence the 
discharge and charge voltages of Li-air batteries, where Au is the most active ORR and Pt is the 
most active for OER.  Since the major problems of low cycle life and low voltaic efficiency is 
due to the slow kinetics of OER, nano scale Pt was impregnated/incorporated into GNS to 
understand the feasibility of using GNS as a support (host) matrix for bifunctional catalysts.  The 
in-situ incorporation of nano scale Pt islands on to GNS was performed by simultaneous 
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reduction of graphene oxide wet impregnated with hexachlorplatinic acid using 5% hydrogen in 
argon at 450 oC.  The SEM image of the Pt-GNS composite with EDX spectrum is shown in Fig. 
6(a) and the XRD peaks are shown in Fig. 6(b).  The presence of Pt in GNS is characterized by 
the extra peaks in XRD spectrum.  The peaks at 2θ = 40, 46.2, 68°, and can be assigned to the 
(111), (200), and (220) crystalline planes of Pt, respectively, which indicates that the Pt nano 
particles are composed of pure crystalline Pt.  As evidenced by these data, Pt is attached to GNS.   
  A Li-air cell made using these cathode materials showed higher electrical efficiency and 
high cycle life.  The discharge capacities and total energy efficiency (voltaic × coulombic) for 
the Li-air cell consisting of graphene, porous carbon and Pt/graphene cathode are shown in Fig. 7, 
where graphene demonstrates higher efficiency than conventional porous carbon.  With the 
incorporation of Pt onto GNS the electrical efficiency was about 80%, throughout the number of 
cycles tested (20 cycles).  On the other hand, the voltaic efficiency and discharge capacity for the 
GNS only system was stable up to about nine cycles, but continuously decreased to 20% and  
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Figure 5.6. SEM image with EDX spectrum of Pt anchored on GNS (a) and XRD spectrum of Pt-
GNS (b). 
below 400 mAh/g at the 20th cycle.  These data suggested that graphene could be a superior 
support matrix for bifunctional catalysts for Li-air batteries over conventional carbon. 
The use of spinel and perovskites mixed metal oxide as bifunctional catalyst for air 
electrodes for fuel cell applications in aqueous electrolytes has been studied extensively [112].  
However, the application of perovskites type bifunctional catalysts in non-aqueous Li-air 
systems was not studied.  Several low cost perovskite type metal oxide catalyst systems have 
been synthesized and tested in Li-air single cells.  The TEM image of La0.5Ce0.5Fe0.5Mn0.5O3 on 
GNS (Fig. 8) shows that the catalyst particles were well embedded in GNS wrinkles. The size of 
the irregular shaped catalyst particles ranges from 10 nm to around 50 nm.  A cell with the  
(Pt 111) 
(Pt 200) (Pt 220) 
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Figure 5.7. Comparison of discharge capacity and total energy efficiency of GNS vs Pt/GNS Li-air 
cells. 
bifunctional catalyst of composition La0.5Ce0.5Fe0.5Ni0.5O3 demonstrated up to 70 cycles without 
any significant capacity fading.  However, the total electrical efficiency was less than 70%.  The 
catalyst with the composition La0.5Ce0.5Fe0.5Mn0.5O3 resulted in an even larger number of cycles 
with electrical efficiency greater than 75%.  The discharge curve for a Li-air cell with this 
optimized cathode configuration is shown in Fig. 9(a).  The cathode material consisted of 10 wt% 
bifunctional catalyst, 2 wt% binder and the rest GNS.  A discharge capacity of 1200 mAh/g of 
cathode material at a stable nominal discharge voltage of 2.8 V was observed at a constant 
current of 50 mA/g.  Several discharge-charge cycles for an identical Li-air cell at a constant 
current of 100 mA/g were carried out and the discharge capacity and energy efficiency as a  
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Figure 5.8. TEM image of La0.5Ce0.5Mn0.5Fe0.5 catalyst on GNS. 
function of cycle numbers are given in Fig. 9(b).  A charge voltage of about 3.8 volt was 
observed during the initial cycles; however this charge voltage increased gradually up to a value 
of 4.20 V at the end of 100 cycles.  This gradual increase of charge voltage and gradual decrease 
of coulombic efficiency resulted in a decrease of electrical efficiency as shown in Fig. 9(b).  
Further characterization using SEM, EIS, and Raman are underway to understand the failure 
mechanism which leads to the gradual increase of charge voltage with cycle life.    
Electrochemical impedance spectroscopy (EIS) data collected before cycling, after 40 and 80 
discharge-charge cycles for the Li-air cell described in Fig. 9(b) are shown in Fig. 10.  The 
increase of ohmic resistance, which includes ionic resistance of electrolyte and electrical  
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(a)                                                                         (b) 
Figure 5.9. First discharge and charge curves at 50 mAh/g until 100% DoD (a) and efficiencies and 
discharge capacity at 100 mAh/g with 70-80% DoD (b) of La0.5Ce0.5Fe0.5Mn0.5O3 /GNS Li-air cells. 
resistance from both electrodes (represented by the high frequency intercept of the semi-circle on 
the real axis) and the increase of the charge transfer resistant (represented by the middle 
frequency depressed semicircles) as a function of cycle numbers were observed.  The reasons for 
this increasing impedance could be due to the formation of SEI layer or clogging of pores within 
the carbon matrix which hinder the catalytic activity.  Also, it was evident that the drying of 
electrolyte significantly contributes to the increased ohmic resistance between cycle numbers of 
40 and 80. Gao et al [125] also suggested that the volatilization of organic electrolyte as one of 
the main factors affecting the discharge capacity when the batteries discharge at low rates (longer 
times).  The use of non-volatile electrolytes such as room temperature ionic liquids may improve 
the cycle life. 
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Figure 5.10. EIS of La0.5Ce0.5Fe0.5Mn0.5O3 /GNS Li-air cells as a function of cycle numbers. 
5.4 Summary 
The combination of GNS and La0.5Ce0.5Fe0.5Ni0.5O3 bifunctional catalyst as cathode 
material for air electrode for Li-air system has been demonstrated.  This Li-air system exhibited 
100 cycles with a charge voltage less than 4 V, with a total efficiency of about 70%.  Prevention 
of decomposition and drying of carbonate based electrolyte may help improve the cyclability. 
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CHAPTER 6 IN-SITU INVESTIGATION OF SOLID-ELECTROLYTE INTERPHASE 
(SEI) FORMATION ON THE ANODE OF LI-ION BATTERIES WITH 
ATOMIC FORCE MICROSCOPY 
6.1 Introduction 
In-situ Atomic Force Microscopy (AFM), as a powerful tool for investigating surface 
morphology, has found its way into the study of solid-electrolyte interphase (SEI) in Li-ion 
batteries in recent years.  Several groups have reported their results on the SEI formation and 
evolution studied by in-situ AFM [126-131]. Mechanisms have also been proposed to explain the 
phenomenon at the SEI during charge-discharge processes.  For example, Inaba et al. observed 
that the basal surface of HOPG raises 1 nm at a discharge voltage of 1.1 V.  They believe this 
hill-like raise is caused by the co-intercalation of solvated lithium ion due to the conductivity of 
the tested area[126].  The mechanism of the SEI formation is therefore proposed as two steps: 
firstly, the insertion of the solvated lithium ion into the basal plane; secondly, the direct 
decomposition of solvent to form a blister layer which prevents further solvent co-intercalation.  
Surface film formation on graphite composite electrodes was observed by Jeong et al. in an 
EC/DEC based electrolyte[130]. Instead of swelling at the basal plane, they observed the curling 
of the graphite flake edges at a charge voltage below 1.4 V.  Significant morphology changes 
were observed after the voltages steps reduction due to the large amount of precipitations on the 
surface.   
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These studies [126, 127, 129-132]show the effectiveness of in-situ AFM to study SEI, 
and the role of SEI formation during charging and discharging Li-ion batteries.  However, the 
effect of solvent decomposition products on lithium ion insertion, the thickness changes, and the 
compositions of the SEI during the cycling have not been fully elucidated.  A better 
understanding of the formation and evolution of SEI during charge and discharge will provide 
valuable data to determine the role of SEI in the failure mechanism of Li-ion batteries.  In 
addition, it will provide insight on how to optimize the SEI layer in a dynamic balance state, 
before it eventually becomes a complete insulator.  Thus, storage and operating conditions can be 
controlled and optimized to extend battery life and improve performance.  Furthermore, a better 
understanding of SEI formation in Li-ion batteries will provide valuable insight pertaining to the 
solid-electrolyte interphase in fuel cells, supercapacitors, Li-air batteries and other energy 
storage device.   
In this report, the step-by-step evolution of both the solvent decomposition layer and the 
intercalation of solvated lithium ions, as well as the interactions between the two at different 
charge voltages in the first charge cycle, are investigated.  The thickness of the SEI is measured 
by scratching away both layers.  The in-situ tested samples are then characterized using ex-situ 
SEM and EDS to confirm the morphology and composition of the SEI layers.  A possible 
dynamic competition mechanism of the SEI formation has been proposed based on the 
experimental results.    
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6.2 Experimental setup 
The experiments were performed in a custom design liquid cell schematically shown in 
Figure 1.  A 1×1 cm square HOPG (ZYH grade, Momentive) was mounted at the bottom of the 
liquid cell.  A lithium metal strip (1×5 cm, 99.9% pure, 0.75 mm thick, Alfa Aesar) was placed 
inside the insert around the wall of the liquid cell as the reference and counter electrode.  The 
lithium strip contacted with the electrolyte through the round holes on the insert. 1.0 M LiPF6 
ethylene carbonate/dimethyl carbonate solution (1:1 volume ratio) was placed in the liquid cell 
sealed with an O-ring and a PTFE liquid cell frame.  The voltage range of 0.02-3.0 V was used in 
the electrochemical test with a 0.5 mV/s charge and discharge rate.  All the operations were done 
inside a glove box filled with dry Ar gas to prevent oxidation and moisture contamination of the 
electrode materials and the electrolyte.  
The graphite composite electrode was rinsed with EC/DMC (1:1) solution thoroughly and 
completely dried inside the grove box. Field emission scanning microscopy (FESEM) and 
energy dispersive X-ray spectrometer (JSM-7600F at 15 kV) were used to characterize the 
morphology and composition of the dry sample.  
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Figure 6.1. Schematic drawing of the liquid cell 
6.3 Results and discussion 
6.3.1 Electrochemical testing            
The electrochemical test is performed on the HOPG sample in the liquid cell described 
above. The morphology change of the HOPG surface was observed by AFM at the same time.  
As shown in the cyclic voltammetry curve, redox current was observed when the charge voltage 
is around 2.5 V.  A redox peak at 0.95 V was observed in the first charge process at the scan rate 
of 0.5 mV/sec, indicating that there is a redox reaction occurring.  However, the peak 
disappeared after the eighth cycle, which indicates that the reactions responsible for the 0.95 VLi 
peak are not reversible (Figure 2).  
6.3.2 SEI morphology evolution during the first charge-discharge cycle on the surface of HOPG      
   As shown in Figure 3 a and b, there is slight topographical change on the HOPG 
surface between the charge voltage of 3.0-1.65 V. Particles of about 100 nanometers at the 
interphase of the electrode/electrolyte start to form at a charging voltage of 1.7 V.  These 
particles are believed to be the decomposition products, such as lithium alkoxides, lithium alkyl  
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Figure 6.2. Cyclic voltammogram of the graphite electrode with a scan rate of 0.5 mV/sec. 
carbonate and their polymerized compounds [133-136].  When the charging voltage is lowered to 
around 0.95 V, a large amount of particles started to appear rapidly, which is correlated with the 
reduction peak around this voltage.  It is clearly shown in Figure 3c that particles grow intensely 
within the same scan from the top to the bottom.  At the beginning, only a few particles can be 
observed (top part of Figure 3c).  With the scanning from the top to the bottom and charging 
voltage changes from 1.7-1.1 V, a large amount of particles appeared on the surface of HOPG as 
shown at the bottom part of Figure 3c.  The top particle layer of the SEI started to exfoliate at a 
lower voltage of around 0.5-0.02 V.  The second layer can be seen underneath the particle layer, 
which appeared as strips as shown in the lower left corner of Figure 3e.  At the end of the first 
charge process, the particles in the top layer grew to around 200 nm at 0.02 V. 
In order to reveal the evolution of HOPG surface underneath the top particle layer, a 10 mV 
force is applied on the surface to remove the loose top particle layer during the first charge 
1st 
cycle 2nd 
cycle 8th 
cycle 
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process and preserve the bottom layer at the same time.  As can be seen from Figure 4b, the edge 
of the atomic steps shows swelling at a voltage of 1.7 V.  The swellings apparently move further 
into the HOPG edge with the lower charge voltage (as shown in the white cycle in Figure 4c and 
4d).  The exfoliation of the first particle layer can be attributed to the swelling of the bottom 
layer.  It can also be observed that the swelling bottom layer pushes the top particle layer off as a 
whole piece rather than crack the top layer.  This is probably due to the higher inter-layer 
integrity in the top particle layer compared to the van der Waals forces between the top layer and 
the bottom layer.  
As schematically shown in Figure 5, solvent decomposition products (designated with 
purple dots) form at the surface of the graphite electrode, corresponding to Figure 5b.  At a 
charge voltage of 1.7 V, these particles loosely attach to the sample surface and do not show any 
preferences to the edge of the HOPG step, suggesting van der Waals forces rather than chemical 
bonds may be in effect.  
Below the top particle layer, intercalation of solvated lithium ions (designated with grey 
dots) into the graphene layers takes place at the charge voltage of 1.7 V (Figure 5b), where the 
edge of HOPG and some spots at the basal plane show swelling due to the intercalation (white 
lines and dots observed in Figure 4b).  Note that the hexagonal graphene unit cell (a:c=1:2.73) 
space group P63/mmc consists of layers of closely packed carbon atoms with relatively weak 
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Figure 6.3. AFM images of HOPG surface at charge voltage of a) 3.0-2.95 V; b) 1.7-1.65 V;  
c) 1.0-0.95 V; d) 0.5-0.45 V; e) 0.1-0.05 V. Scan area 25 𝝁𝒎2. 
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Figure 6.4. AFM images of bottom SEI layer: a) pristine HOPG; b) charge to 1.7 V; c) charge to 0.5 
V; d) charge to 0.02 V.  Scan area 25 𝝁𝒎2. 
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Figure 6.5. Thematic of SEI evolutions during the first charge process. a) the solvent 
decomposition product (purple dots) deposits at the surface of the graphite; b) the solvated 
lithium ions (grey dots) pass through the particle layer and intercalatie into the graphite layer 
(black lines); c) solvent decomposition products accumulate at the surface when the lithium 
intercalation takes places; d) the displacement of the graphite layer caused by the lithium 
intercalation pushes the top particle layer off the HOPG surface; e) schematic of graphite. 
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Figure 6.6. Thickness of SEI layers during cycling.  a)-b) Scan area 100 𝝁𝒎2; c) 225 𝝁𝒎2; d) 2500 𝝁𝒎2.          
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interlayer bonds (Figure 5e).  The solvated lithium ions can more easily overcome the 
graphene interlayer bonds than the covalent bonds within the graphene layers.  Therefore, the 
intercalations are more likely to happen at the edge plane (perpendicular to 001 plane) rather 
than on 001 plane.   This causes the severe curling of the edges at the HOPG steps compared to 
the relatively mild swelling of the basal planes (Figure 4c and 5c).   
The number of particles on the top of the HOPG surface keeps growing during the charge 
process (Figure 3d and 5c), while more lithium ions intercalate into the graphene layer causing 
the basal plane to swell out and edges to curl up.  At the charge voltage close to 0.02 V, the 
displaced curling edges mechanically push the particle layer off the HOPG surface.  As shown in 
Figure 3e and illustrated in Figure 5d, the particle layers peel off as a sheet rather than crack on 
the surface, indicating that these particles are possibly held together by chemical bonds or inter-
weaving of solvent decomposition products, which is stronger than van der Waals forces 
between the particle layer and HOPG surface.  The swelling and the exfoliating at the HOPG 
surface are possible reasons for the electrode pulverization that causes the battery performance to 
decay.  Thus, more edge planes than basal planes may be beneficial for lithium intercalations; 
HOPG with optimized strip width and percentage of edge planes is preferable to prevent drastic 
displacement and the exfoliation of the SEI layer.   
Based on the discussion above, a dynamic competition SEI formation process involves 
the competition between the growth of the top particle layer and the bottom layer, as well as the 
inter reaction of these two layers.  The top particle layer needs to be kept at a certain thickness to 
prevent the further solvent decomposition; however, it can also block the lithium ion pathways 
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when it is thick and dense enough because lithium ions have to pass through the top particle 
layer first before intercalation into the HOPG surface. Therefore, the top layer needs to be 
controlled at a certain thickness and density to allow the lithium ion through.  At the same time, 
the lithium insertion to the HOPG surface, as the major contribution to the cell capacity, needs to 
be maximized within a certain range where the insertion is not too much to cause the curling of 
the edges and pushing off the top layer.  The SEI formation is considered as a dynamic 
competition of solvent decomposition, lithium insertion, pathway of lithium ion and attachment 
of the top particle layer to the HOPG surface.   
6.3.2 Growth of SEI during cycling    
Synchronous AFM probe scanning and cyclic voltammetry are performed to investigate 
the growth of the SEI layer. The depths of the SEI layers are examined by scratching a square 
(marked in the dotted white lines in Figure 6) on the surface by using a 5 V force repeatedly on 
the probe.  Then, a larger area that includes the dent is scanned to determine the thickness of the 
SEI layer.  As it is shown in Figure 6 a, the depth of the SEI layer at 1.7 V during the first charge 
cycle is around 30 nm.  The SEI layer at this stage is still separated particles.  The depth of this 
top particle layer increases accordingly as more particles are formed during the charging process, 
finally covering the entire HOPG surface.  As shown in Figure 6b, the depth of the top layer 
increased to about 60 nm at a voltage of 0.95 V after the charge peak.  In order to examine the 
depth that lithium ions can penetrate into HOPG surface, the top particle layer was completely 
scratched off, then a 5×5 micron dent was dug until the flat HOPG surface is observed. As 
shown in Figure 6c, the thickness of SEI caused by lithium insertion is around 100 nm by the end 
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of the first charge process.  By the end of the eighth cycle, the thickness increased to around 1.5 𝜇m as shown in Figure 6d.  The thickness after the first charge process here was very different 
than the 20-40 nm that Inaba et al. reported[126].  
 6.3.3 Morphology changes of the graphite composite electrode during cycling      
The graphite composite electrode is also studied in order to understand the formation of 
SEI layers in a system similar to that of a commercial battery.  The pristine graphite electrode is 
shown in Figure 7a.  The pristine sample has very definite strips of graphite with clear edges and 
resembling rods.  However, the clear edges become blurry after the first charge process, 
indicating that the insertion of the Li ions is happening at the edges (Figure 7b).  There are also 
small round particles with a diameter of about 100 nm observed after first charge as shown in 
Figure 7b.  Clusters of these particles around 2 um in diameter, formed during cycling, have been 
observed after the first cycle of charge and discharge (Figure 7c).   The graphite strips are almost 
covered by these particles after 3 cycles, suggesting the growth of the SEI layer during cycling.  
Figure 7e, which is a magnification of Figure 7d, shows that the graphite strips are all covered 
with particles or particle clusters of around tens of nanometers across as well. 
Compared to the HOPG surface, there is no obvious exfoliation at the edge of the 
graphite composite electrode.  This is probably because the graphite composite electrode is 
composed of thin strips of 200-400 nm in diameters, into which lithium ions are able to penetrate 
from both sides of the edges all the way into the center.  Therefore, both the center and the edges 
swell up at the same time rather than only the edges swell in the case of HOPG surface due to the  
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Figure 6.7. AFM images of the graphite surface a) before cycling; b) after first charge process; c) 
after the first cycle; d) after the third cycle; e) zoom in image of d).  a)-d) scan area 25 𝝁𝒎2; e) Scan 
area 1.56 𝝁𝒎2. 
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lack of edge planes.  Therefore, the top particle layer observed still covers the graphite after 3 
cycles on the graphite composite electrode. 
6.3.4 Ex-situ field emission scanning electron microscopy characterization 
 The morphologies of the pristine electrode and the electrode after 8 cycles were 
characterized using FESEM.  Graphite rods are observed on the surface with diameters from 10 
micrometers to 15 micrometers and lengths ranging over several tens of micrometers.  Small 
particles and flakes around 10 microns or less are also found between the graphite rods (Figure 
8a).  Irregular flakes of about 100 nm can also be observed on the surface of the graphite rods in 
Figure 8a (shown in white cycles).   
 The graphite rods appear to be more fractured after 8 cycles of charge and discharge.  
They display a looser and more blurry texture and more obvious ribbons on the surface 
compared to the graphite rods of the pristine electrode surface.  The edge of the ribbons on the 
surface of the graphite rods becomes less distinct after 8 cycles (Figure 8b).  Occasionally, 
porous structures with a pore size of 10 to 20 nanometers can be found on the surface of graphite 
rods (Figure 8f), compared to the pristine graphite rod (Figure 8e).  The nanosized pores are 
believed to be formed by the escaping gas generated by the decomposition of lithiated solvent 
between the graphene layers [137, 138].  
 6.3.4 Ex-situ energy dispersive X-ray spectrometry (EDS) characterization 
In order to further investigate the components of the SEI layer, the graphite electrode 
before and after cycling was characterized by EDS.  As seen in Figures 9a and Figure 10, oxygen 
 
 
 
	  	  	  	  	  	  
95 
and fluorine weight ratios in the pristine sample are 4.76 % and 1.34 % on the graphite rod 
surface.  The fluorine and oxygen weight ratio on the flat part of graphite rod surface after 8  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. SEM images of the graphite electrode before and after cycling. A) pristine graphite 
composite electrode  (×𝟐𝟎𝟎𝟎); b) graphite composite electrode after 8 cycles (×𝟐𝟎𝟎𝟎); c) pristine 
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graphite composite electrode (×𝟏𝟎,𝟎𝟎𝟎); d) graphite composite electrode after 8 cycles (×𝟐𝟎𝟎𝟎); c) 
pristine graphite composite electrode (×𝟏𝟎,𝟎𝟎𝟎); d) graphite composite electrode after 8 cycles 
(×𝟏𝟎,𝟎𝟎𝟎); e) pristine graphite composite electrode (×𝟐𝟎𝟎,𝟎𝟎𝟎); f) graphite composite electrode 
after 8 cycles (×𝟐𝟎𝟎,𝟎𝟎𝟎). 
 
 
 
 
 
 
 
 
 
 
              
Figure 6.9. EDS analysis of the graphite rod surface after cycling, at different locations of the 
graphite rod.  a) EDS of the pristine graphite rod; b) EDS of the flat surface on the graphite rod 
after 8 cycles; c) EDS of the edges of the graphite rod after 8 cycles; d) EDS of the flakes on the 
surface of graphite rod after 8 cycles. 
cycles shows an increase to 6.75 % and 1.76 %, respectively  (Figure 9 b and Figure 10).  
However, drastic increases of the fluorine and oxygen contents were observed at the edge (11.79 % 
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and 2.17 %) of the graphite rod and the flakes (11.86 % and 2.92 %) on the surface of the rod as 
shown in the red squares in Figure 9c, 9d and 10.   This is in good agreement with what was 
observed in in-situ AFM images, where we concluded that the lithium intercalation happens  
  
Figure 10. EDS analysis of the graphite rod surface after cycling, at different locations of  
the graphite rod.   
mostly at the edge planes rather than at the basal planes due to its inter-layer bonds being weaker 
than the covalent bonds within the graphene layer.  However, residues of solvent decomposition 
and lithiation were also observed at the flat surface, revealing that the solvated lithium ion might 
be capable of penetrating from the 001 plane into the graphene layers. 
6.4 Summary 
Current work elucidated SEI evolution during cell cycling.  Based on the conducted study, 
a   dynamic competition mechanism for increase in SEI thickness has been proposed.  SEI layer 
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formation and evolution on a model material (highly oriented pyrolythic graphite, HOPG) 
surface during the first charge process has been investigated by in-situ AFM technology.  The 
morphology changes of both the top particle layer and the bottom lithium intercalation layer are 
observed for the first time.  The top particle layer of the SEI forms at around 1.7 V.  The 
thickness of this layer grows from a single layer of approximately 20 nm thick to about 800 nm 
at the end of the 8th cycle.  The particle size at the end of the 8th cycle  
reaches 100 nm. Despite reported in many papers that SEI formation happens in the first charge 
cycle, it is observed in this study that the thickness and particle size of the top SEI layer keeps 
growing even after 8 charge cycles. The irreversible formation of the particle layer, which can be 
attributed to the decomposition products of the electrolyte, does not contribute to the capacity. 
The bottom SEI layer, on the other hand, is more likely to be the functional SEI layer in the 
charging process.   
A graphite composite electrode that is close to what would be found in a real battery 
system is also investigated.  The similar swelling phenomenon at the edge during Li inserting is 
observed for a graphite composite electrode.  Furthermore, ex-situ FESEM and EDS are used to 
help understand the morphology and compositions after cycling. The percentages of SEI residues 
(indicated by wt % of F and O) on both the edges and the surface flakes of the graphite 
composite electrode increase drastically after cycling.  These results of the FESEM and EDS 
experiments are in good agreement with the observed phenomenon and proposed mechanism 
based on the in-situ AFM experiments.  The study on graphite composite electrode further 
illustrates that layered electrode surface provides more reaction sites compared to flat HOPG 
surface.
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CHAPTER 7 IN-SITU XRD ON HYDROGENATIO OF AB5 AND AB2 METAL 
HYDRIDE ALLOYS 
7.1 Introduction 
Nickel-metal hydride (NiMH) battery is a mature technology used as an energy 
storage unit in portable electronics, hybrid electric vehicles, and alternative energy 
generation systems. The active material used in the negative electrode is an alloy capable 
of storing hydrogen repeatedly. Hydrogen enters and leaves the alloy during the charge 
and discharge of the battery, respectively. During the hydrogenation process, the inserted 
hydrogen expands the unit cell of the host alloy and occupies one of the interstitial sites 
in the lattice; and metal and hydrogen are in a two-component system with the α and β 
phases representing the host alloy with a small amount of diffused hydrogen randomly 
inserted and the metal hydride (MH) with a few vacancies unoccupied, respectively [139]. 
In order to further improve the hydrogen storage and cycle performance of these MH 
alloys, an understanding of hydrogen distribution during hydrogenation is very critical. 
The crystal structures of the basic binary/pseudo-binary MH, such as LaNi5 [140], 
(Lu0.4Y0.6)Mn2 [141], La2Ni7 [142], Ce2Ni7 [143], (La,Mg)2Ni7 [144], Ti(Ni, Cu) [145], 
Sm2Co7 [146], and YMgCo [147], are thoroughly studied. In addition, in-situ x-ray 
diffraction (XRD) has been employed in the cases of La0.8Nd0.2Ni2.4Co2.5Si0.1 [148], 
LaNi4.7Sn0.4 [149], Gd0.5Y0.5Ni3.75Al0.25Mg [150], LaMg11Ni [151], and Ti0.8V0.05Cr0.15 
[152] to study the evolution of the α and β phases during hydrogenation in the alloys. 
However, similar studies on Laves phase-based AB2 MH alloys with two possible 
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structures (hexagonal C14 and face-centered-cubic C15) have not been reported 
previously. AB2 alloys with higher hydrogen storage capacity are good candidates for 
NiMH batteries requiring higher specific energy. In fact, the first modern and 
commercially-built electric vehicle, the EV1 by General Motors, was powered by NiMH 
batteries with AB2 MH alloy as the negative electrode active material. A study on the 
microstructures of multi-phase AB2 MH alloys was investigated previously [153, 154]. 
The electrochemical contributions of the C14 and C15 phases were clarified in our earlier 
study as well [155]. The engineering of the C14/C15 ratio by composition design was 
also presented 18, which leaves the interaction of the C14 and C15 phases during 
hydrogenation the only unsolved puzzle in the area of applying AB2 MH alloy as the 
negative electrode in NiMH battery. In this study, the lattice parameters, phase 
abundances, and preferred hydrogen insertion sites were investigated in a C14/C15 mixed 
phase AB2 alloy. An AB5 alloy and a C14-phase-predonmiated AB2 alloy were also 
studied as comparisons.  
7.2 Experimental setup 
Three commercially-used MH alloys, Alloy A 
(La10.5Ce4.3Pr0.5Nd1.4Ni64.3Co5.0Mn4.6Al6.0Cu3.2Zr0.2 with a CaCu5 structure), Alloy B 
(Ti12Zr21.5V10Ni37.7Mn13.5Cr4.5Al0.5Sn0.3 with a predominating C14 phase), and Alloy C 
(Ti12Zr21.5V10Ni40.2Mn4.1Co8.0Cr3.5Al0.4Sn0.3, a C14/C15-mixed alloy), were prepared by 
arc melting under a continuous argon flow with a non-consumable tungsten electrode and 
a water-cooled copper tray. Metals with purity greater than 99.9% were used to prepare 
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the alloys according to the designed compositions. Before each arc melt experiment, a 
piece of sacrificial titanium was subjected to several melting-cooling cycles to reduce the 
residual oxygen concentration in the system. Each 10-g sample ingot was re-melted and 
flipped over several times to ensure uniformity in chemical composition throughout the 
ingot. PCT characteristics for each sample were measured using a Suzuki-Shokan multi-
channel PCT system. Before the PCT analysis, each sample was first activated by 
performing two consecutive absorption/desorption cycles between room temperature and 
300°C in hydrogen. The sample was then cooled to 30˚C for isotherm measurements.  
 
  
   
Figure 7.1. Schematic of in-situ XRD setup. 
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The quasi in-situ XRD studies were conducted using a Philips X'Pert Pro X-ray 
diffractometer (XRD). To produce the negative electrode, the alloy powder (around 30 to 
40 mg) was pressed onto the center of a piece of nickel mesh (1 × 1 cm2) with a Carver 
auto hydraulic press at a pressure of 26 tons for 30 seconds. Nickel leads were spot-
welded to both the negative and positive electrodes and connected to the Arbin cycler. As 
shown in Fig. 7.1, the negative electrode was then assembled with over-capacity Ni(OH)2 
positive electrodes with a grafted polypropylene/polyethylene separator in between. The 
cell was then sealed in and held together by a polyether ether ketone (PEEK) bag (1.5 × 2 
cm2) with the nickel leads exiting through the edge of the bag. 30 wt.% KOH electrolyte 
was injected into the PEEK bag through the holes where the leads exit. After the holes 
were heat-sealed by a heat sealer, the cell was then mounted in a sample holder with the 
negative electrode facing up to the incident x-ray pathway. The capacity of the negative 
electrode was first measured and used to determine the charge rate for the in-situ XRD 
studies. After the first discharge to 0.9 V at the rate of C/10, the first XRD measurement 
was taken and marked as 0% SOC. The cell was then charged to each target state of 
charge (SOC) with a C/10 rate followed by an XRD measurement.  
7.3 Results and discussion 
7.3.1 Gaseous phase study 
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Figure 7.2. PCT isotherms measured at 30°C for Alloy A (AB5), Alloy B (C14 AB2), Alloy C 
(C14/C15 mixed AB2). Open and solid symbols are for absorption and desorption curves, 
respectively. 
Gaseous phase hydrogen storage properties of the three as-prepared alloys were 
studied by PCT characterizations. The PCT isotherms measured at 30°C for these three 
alloys are shown in Fig. 7.2. While the isotherm of Alloy A (AB5) shows a clear plateau 
between 0.2 and 1.0 wt.% of hydrogen, the isotherms of Alloys B and C (both AB2) are 
more slanted due to their more disordered crystal structures/composition. The hysteresis 
 
i r  .1. PCT isotherms measured at 30°C for Alloy A (AB5), Alloy B (C14 AB2), 
Alloy C (C/14/C15 mixed AB2).  Open and solid symbols are for absorption and 
desorption curves, respectively.   
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between absorption and desorption isotherms of Alloys A and B are smaller than that of 
Alloy C, indicating a lower energy barrier for the lattice distortion during hydrogenation. 
The remaining hydrogen levels in Alloys A and B after desorbing at 1 kPa are lower than 
that of Alloy C, indicating an incomplete dehydrogenation in Alloy C. The maximum 
hydrogen storage capacities for Alloys A, B, and C roughly correspond to AB5H5.5, 
AB2H3, and AB2H2, respectively. The electrochemical properties of these three alloys can 
be found in our earlier publications [155-157]. 
7.3.2 XRD analysis of AB5 alloy with a CaCu5 structure 
 
Figure 7.3. XRD patterns using Cu-Kα as the radiation source for Alloy A (AB5) measured 
at 0% (a), 20% (b), 40% (c), 60%(d), 80%), and 100% SOC (f).  M phase (α) and MH 
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phase (β) are in open and slid symbols, respectively.  Ni signature is from the Ni mesh 
substrate. 
 
Figure 7.2. Plots of a/c lattice constant ratio and CaCu5 unit cell volume as functions of SOC 
for both M (α) and MH (β) phases in Alloy A (AB5). 
 Metal (α phase) Hydride (β phase) 
SOC a (Å) c (Å) a/c Vol. (Å 3) Abundance a (Å) c (Å) a/c Vol. (Å 3) Abundance 
0% 4.98 4.01 1.24 86.2 99.2(0.0)% NA NA NA NA 0.8(0.0)% 
20% 4.99 4.07 1.23 87.7 77.8(3.3)% 5.25 4.37 1.20 104.4 22.2(1.9)% 
40% 4.99 4.09 1.22 88.3 71.1(4.0)% 5.24 4.40 1.19 104.9 28.9(2.3)% 
85	  
90	  
95	  
100	  
105	  
110	  
1.125	  
1.150	  
1.175	  
1.200	  
1.225	  
1.250	  
0	   20	   40	   60	   80	   100	  
	  U
ni
t	  C
el
l	  V
ol
um
e	  
(Å
3 )
	  
a/
c	  r
at
io
	  
State	  of	  Charge	  (%)	  
M,	  a/c 
M,	  Vol. 
MH,	  a/c 
MH,	  Vol. 
 
 
 
	  	  	  	  	  	  
106 
60% 4.99 4.09 1.22 88.4 66.7(4.3)% 5.22 4.48 1.17 105.8 33.3(4.2)% 
80% 4.97 4.18 1.19 89.5 30.4(3.7)% 5.23 4.51 1.16 106.8 69.6(3.7)% 
100% 5.19 4.09 1.27 95.3 6.2(0.7)% 5.24 4.51 1.16 107.0 93.8(5.5)% 
Table 7.1. Lattice constants, ratio, unit cell volume, and abundance in metal and hydride 
phases at different states of charge for Alloy A. 
Quasi in-situ XRD studies were performed on the three MH alloys at different 
SOC in order to analyze the changes in lattice parameters and phase abundance during 
the charging process. XRD patterns of Alloy A at 0, 20, 40, 60, 80, and 100% SOC are 
plotted in Fig. 7.3. The diffraction peaks at 44.65˚ and 52.05˚ are from the nickel mesh 
substrate in the negative electrode. Both the metal (Μ, or α) and MH (β) phases exhibit a 
hexagonal crystal structure similar to CaCu5. While the intensity of the peaks of the MH 
phase (solid circle symbols) increase, the peaks of the metal phase (open circle symbols) 
show a gradual reduction in intensity with the increase in SOC due to the gradual phase 
shifting from metal to MH as proton inserting into the occupation sites gradually during 
charging. Lattice constants, a/c ratios, and unit cell volumes calculated by Jade 9 
software are listed in Table 7.1. Phase abundance at each SOC is also listed in Table 7.1. 
The measured abundance of the MH phase is slightly lower than the corresponding target 
SOC value since some hydrogen may escape from the alloy during the XRD 
measurement. The a/c ratio and unit cell volume as functions of SOC are plotted in Fig. 
7.4. It should be noted that data from the α phase at 100% SOC was removed due to the 
large magnitudes of errors based on its small abundance (6%). As shown in Table 7.1, 
lattice parameters a and c of the α phase increase at different rates when SOC increases 
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initially. The differences between the increasing rates of a and c are depicted by the 
evolution of the a/c ratio in Fig. 7.4. The CaCu5 structure is composed of alternating AB2 
and B3 layers along the c-axis. In this structure, the hydrogen occupation sites are either  
 
at the basal plane (AB2 layer) or half-plane (B3 layer) (see Fig. 7.1b in [158]). With the 
decreasing, stabilized, and decreasing trend of the a/c ratio, it can be concluded that the 
diffused hydrogen first fills the octahedral site (3f) at the half-plane (z = ½ c), causing a 
more rapid increase in c compared to that in a and a decrease in a/c ratio; during the 
plateau region of the a/c ratio curve, the octahedral (4h and 12n) and tetrahedral sites 
(12o) near the basal plane (z = 0) are filled by hydrogen atoms, resulting in a similar 
increase in rate in a to that in c; finally, the remaining tetrahedral site (6m) at the half-
plane (see Fig. 7.3 in [159]), which was not available earlier due to the squeeze from the 
occupied 3f site at the same plane, are filled since most of the 4h,12n, and 12o sites are 
occupied, leading to a decline in a/c ratio. This result is in agreement with the heat of 
solution of interstitial sites calculated by the first-principle electronic structure [159]. The 
evolution of a/c ratio as shown in Fig. 7.4 suggests that the filling of occupation site 
finishes with those near the half-plane (decreasing a/c ratio) first and follow by these near 
the basal plane (unchanged a/c ratio). About 3% lattice volume expansion were induced 
within both α and β phases, while a much larger volume expansion of about 24% 
happened during the phase transition from α phase to β phase.  
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7.3.3 XRD analysis of AB2 alloy with a predominating C14 structure 
 
Figure 7.3. XRD patterns using Cu-Ka as the radiation source for Alloy B (C14 AB2) 
measured at 0% (a), 20% (b), 40% (c), 60%(d), 80%), and 100% SOC (f).  M phase (a) and 
MH phase (b) are in open and slid symbols, respectively.  Ni signature is from the Ni mesh 
substrate. 
 
26 28 30 32 34 36 38 40 42 44 46 48 50 52 
In
te
ns
ity
 (a
.u
.) 
Two Theta (in Degree) 
(a) 0% SOC 
(b) 20% SOC 
(c) 40% SOC 
(d) 60% SOC 
(f) 100% SOC 
(e) 80% SOC 
M	   MH	   Ni	  
 
 
 
	  	  	  	  	  	  
109 
XRD patterns of Alloy B at 0, 20, 40, 60, 80, and 100% SOC are plotted in Fig. 5. 
Alloy B, when prepared by arc melting, is mainly composed of a C14 phase (> 95%). The 
Ni peaks at 44.25˚ and 51.75˚ are from the nickel mesh substrate in the negative electrode. 
The open circle and solid circle symbols represent peaks from the metal (α) and MH (β) 
phases of the C14 main phase, respectively. As SOC increases, the peak intensities of the 
pristine metal phase reduce gradually while those of the MH phase increase gradually due 
to the phase shifting from metal to MH phase. Phase abundances, lattice constants, a/c 
ratios, and unit cell volumes were calculated by the Jade 9 software and listed in Table 2.  
The calculated phase abundances of the metal and MH phases are comparable to 
the corresponding target SOC value within experimental errors; except for at 100% SOC 
which can be attributed to the escape of hydrogen during XRD testing. Similar to the 
CaCu5 crystal structure, C14 is made from alternating A2B (at basal plane) and B3 layers 
(at half-plane) along the c-axis. Possible hydrogen occupation sites in the C14 structure 
are at the half-plane, close to the half-plane, and close to the basal plane (see Fig. 1a in 
[158]). The evolutions of the a/c ratio and unit cell volume in both metal and MH phases 
as functions of SOC are plotted in Fig. 6 and summarized in Table 2. Lattice constant a 
of metal increases as SOC initially increases due to the hydrogen diffusion into the half-
plane since insertion of hydrogen into any other planes will increase the lattice constant c.  
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Figure 7.4. Plots of a/c lattice constant ratio and C14 unit cell volume as functions of SOC 
for both M (α) and MH (β) phases in Alloy B (C14 AB2). 
Insertion of hydrogen in the half-plane also reduces lattice parameter c, which is 
the result from the re-adjustment of unit cell. The a/c ratio in the α phase stays constant 
when SOC > 20%, which is similar to that in the β phase when SOC < 60%. This can be 
explained by the fact that the preferred hydrogen occupation sites during this 
hydrogenation period are not on the half-plane. As SOC increases to above 60%, the a/c 
ratio in the β phase increases again, indicating that in the later stage of SOC the hydrogen 
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occupies the sites at the half-plane, which causes the increase in lattice constant a. The 
unit cell volume increases slightly in the α phase with the introduction of hydrogen. In 
the β phase, the unit cell volume increases when SOC < 40% and SOC > 80%. The 
abnormal unit cell volume decrease of MH at SOC ranging from 40 to 80% is due to the 
decrease in c, which needs to be further analyzed.  
7.3.4 XRD analysis of C14/C15-mixed AB2 alloy 
 
Figure 7.5. XRD patterns using Cu-Kα as the radiation source for Alloy C (C14/C15 AB2) 
measured at 0% (a), 20% (b), 40% (c), 60%(d), 80%), and 100% SOC (f).  M phase (α) and 
MH phase (β) are in open and slid symbols, respectively.  Ni signature is from the Ni mesh 
substrate. 
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XRD patterns of Alloy C at 0, 20, 40, 60, 80, and 100% SOC are plotted in Fig. 7. 
According to a previous study, Alloy C consists of 32% C14 and 67% C15 in the main 
phase and about 1% of other ZrxNiy-related secondary phase [155]. Both C14 and C15 are 
Laves phases with an AB2 stoichiometry but different stacking sequences of the same 
repeating asymmetric units: hexagonal C14 consisted of A-B-A-B stacking along the <0 
0 1> direction and face-centered-cubic C15 consisted of A-B-C-A-B-C stacking along the 
<1 1 1> direction. Another hexagonal Laves phase, C36, has a stacking sequence of A-B-
A-C-A-B-A-C along <0 0 1> and may also be present in Alloy C. However, all major 
XRD peaks of the C36 phase overlap with those of C14 due to the similarity between the 
two phases. Consequently, C36 cannot be distinguished from C14 by XRD analysis. 
Moreover, based on transmission electron microscopy analysis, it has been reported that 
other phases with even longer repetitive sequences are possible but rarely seen [153, 160, 
161]. Therefore, only the C14 and C15 phases are focused on in the current study. As 
shown in Fig. 7, the C15 peaks coincide with the C14 peaks completely at 36.35˚ and 
42.95˚. Moreover, the Ni peak from the nickel mesh substrate at about 44.5° overlaps 
with one of the C14 peaks. The only separate C14 peak, at about 39.4°, is used to identify 
the change in C14 phase abundance. As SOC increases, the corresponding C14 MH peak 
(at 38.05°) reaches close to its maximum peak intensity at a low SOC, which indicates 
that it is easier for the C14 phase to be fully hydrided compared to the C15 phase. The 
abundances of both C14 and C15 before and after hydrogenation are plotted as functions 
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of SOC in Fig. 8. At the end of hydrogenation (100% SOC), the C14 phase is completely 
hydrided while about half of the C15 phase is hydrided. This explains the relatively low 
capacity of Alloy C compared to that of Alloy B in the pressure range of our PCT 
apparatus (0.001 to 1 MPa) as seen from the PCT isotherms in Fig. 2. This result is in 
agreement with a previous report [161], in which it is concluded that the C15 phase has a 
higher average electron density due to its higher Ni-content, which contributes to the 
higher plateau pressure and better catalytic nature [155, 162]. Song et al. [163] also 
reported the easier electrochemical activation trend with increasing C15 phase abundance 
in AB2 alloys. The proposed mechanism herein is that at the beginning of the 
hydrogenation process, a small amount of C15 (catalytic phase) is initially hydrided, 
which acts as a catalyst for the hydrogenation of C14 (storage phase). Consequently, the 
C14 phase easily reaches full hydrogenation at an early SOC stage due to the acceleration 
from catalysis (hydrided C15 phase), which lowers the hydrogenation energy barriers. 
Only after the C14 phase, with a lower plateau pressure, is fully hydrided, can the bulk 
C15 phase be hydrided. In the gaseous phase, the relatively low storage capacity of Alloy 
C, compared to C14-predominant Alloy B (0.93 vs. 1.54 wt.%), can be attributed to the 
incomplete C15 hydrogenation. However, in the electrochemical environment, the 
plateau pressure of the C15 phase could be reduced due to the synergetic effects among 
various phases (similar to the case of ZrNi5-series of alloys in [164]), which causes the 
drastic increase in capacity from gaseous phase measurement (249 mAh g−1 with 
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conversion of 1 wt.% = 268 mAh g−1) to electrochemical measurement (335 mAh g−1 
[155]). 
 Metal (α phase) Hydride (β phase) 
SOC a (Å) c (Å) a/c Vol. (Å 3) Abundance a (Å) c (Å) a/c Vol. (Å 3) Abundance 
0% 4.98 4.01 1.24 86.2 99.2(0.0)% NA NA NA NA 0.8(0.0)% 
20% 4.99 4.07 1.23 87.7 77.8(3.3)% 5.25 4.37 1.20 104.4 22.2(1.9)% 
40% 4.99 4.09 1.22 88.3 71.1(4.0)% 5.24 4.40 1.19 104.9 28.9(2.3)% 
60% 4.99 4.09 1.22 88.4 66.7(4.3)% 5.22 4.48 1.17 105.8 33.3(4.2)% 
80% 4.97 4.18 1.19 89.5 30.4(3.7)% 5.23 4.51 1.16 106.8 69.6(3.7)% 
100% 5.19 4.09 1.27 95.3 6.2(0.7)% 5.24 4.51 1.16 107.0 93.8(5.5)% 
 
Table 7.2. Lattice constants, ratio, unit cell volume, and abundance in metal and hydride 
phases at different states of charge for Alloy B. 
 
Figure 7.6. Plots of phase abundance as functions of SOC for both M (α) and MH (β) 
phases in Alloy C (C14/C15 AB2). 
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7.4 Summary 
  The hydrogenation process of three metal hydride alloys was studied by a novel 
quasi in-situ XRD technique. In a CaCu5-structured AB5 alloy, the unit cell volume 
increases in both the α and β phases from both the increasing lattice constants a and c, but 
c increases faster due to the more preferred hydrogen insertions along the c-axis. In a 
C14-predominant AB2 alloy, while the introduction of hydrogen increases lattice constant 
a greatly with a slightly decreasing c at both SOC < 20% in the α phase and SOC > 60% 
in the β phase due to the preferable sites at the half-plane, both lattice constants increase 
at about the same rate in the range when the hydrogen starts to occupy other sites. In a 
C14/C15-mixed AB2 alloy, a small amount of the C15 phase, with a higher plateau 
pressure hydrides at the very beginning of charging, serves as a catalyst for the C14 phase 
hydrogenation. Next, the C14 phase is fully hydrogenated and then the main body of C15 
phase starts to be hydrided. In the gaseous phase (up to 1 MPa H2), the hydrogenation of 
the C14 phase is almost complete while that of the C15 phase is only about halfway done. 
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CHAPTER 8 CONCLUSION AND FUTURE WORK 
8.1 Conclusion  
3-D MnO2 nanowires/graphene composites were synthesized using a mild 
hydrothermal condition of 100 °C.  The lengths and diameters of the MnO2 nanowires 
can be tuned by both reaction time and temperature in the nano scale.  The formation 
mechanism of MnO2 nanowires has been proposed.  The electrochemical performance of 
the 3-D composites in supercapacitors was correlated with the morphology of the 3-D 
MnO2 nanowires/graphene composites.  A further capacitance improvement of 64.8% 
was achieved by etching holes on the surface of GO flakes due to the optimized 3-D 
structure and increased pathways for the electrolyte to penetrate into the bulk materials.   
Based on the understanding of graphene as a substrate for metal oxides, the combination 
of GNS and La0.5Ce0.5Fe0.5Ni0.5O3 bifunctional catalyst as cathode material for air 
electrode for Li-air system was demonstrated.  This Li-air system exhibited 100 cycles 
with a charge voltage less than 4 V, with a total efficiency of about 70%.   
In-situ AFM technology was demonstrated to be able to provide insight 
understanding of the solid electrolyte interface in the battery systems.  SEI layers on both 
the flat HOPG and commercial graphite composite electrode were studied.  A dynamic 
competition mechanism for increase in SEI thickness has been proposed based on the 
morphology and thickness observed.  A graphite composite electrode that is close to what 
would be found in a real battery system was also investigated.  
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Furthermore, in-situ XRD technology was used for the purpose of understanding 
the development of phase abundance and lattice parameters during cycling.  A well-
established AB5 type of metal hydride anode was used as a baseline to investigate the 
different behavior of the C14 and C15 phases in the AB2 metal hydride.  The results show 
that the C15 phase starts to hydride first and then the main hydrogen storage phase, C14 
phase is hydrided.  
8.2 Future work  
  It has been demonstrated that the carbon-based 3-D structures have superior 
performances in both supercapacitors and Li-air batteries.  Further investigation on these 
structures will be interesting to explore in the facial way.  As an example, rice paper 
might be a potential candidate that can be used as the substrate to build 3-D structure 
from, given its hydrophilic nature and excellent consistency and mechanical properties 
compared to other substrate candidates.   
 In-situ AFM, as a powerful tool to study the solid electrolyte interface, also has 
the capability of investigating the SEI layer in Li-air battery.  New research in this 
direction could shed lights on the limitation for the much lower capacity compared to its 
theoretical capacitance by detecting the interface evolution during cycling.  In addition, it 
will also be a powerful tool to analyze the failure mechanism during cycling by mapping 
the surface of the electrode.   
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          The in-situ XRD research has shown the distinguishing properties of C14 and C15 
phases in the hydrating process based on one AB2 alloy.  This method can be used to 
establish the correlation between the phase abundance, crystal structure and the 
electrochemical properties of the alloy in the further.   
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Graphene has been widely studied in energy storage devices such as Li-ion 
batteries, Li-air batteries and supercapacitors, due to its high conductivity, high surface 
area, and great mechanical and electrochemical stability.  However, the restacking of the 
graphene layers in the electrodes can severely limit the energy density.  This work aims 
to develop 3-D structures built on graphene that provide more accessibility to the bulk 
active material.  First, 3-D MnO2/graphene and MnO2/holey graphene networks were 
synthesized for supercapacitor applications.  The preparation conditions, the morphology 
of the composites, and the electrochemical performances in supercapacitors have been 
correlated.  This 3-D graphene network was then used in the cathode of a Li-air battery.  
With the bi-functional catalysts dispersed on the network, an average capacity of 1200 
mAh g-1 was achieved with a prolonged recyclability of about 100 cycles.  
To further understand the solid-electrolyte interface, in-situ AFM was employed 
to investigate the evolution of the SEI layer during charge and discharge.  The 
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morphology and thickness of the SEI layer during cycling were studied and a dynamic 
balance evolution mechanism is proposed.  A quasi in-situ XRD study was used to 
explore the structural changes in the electrode during cycling.  The phase abundance, 
lattice parameters and lattice volume changes were studied as well. 
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